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THE RETINA AND VITREOUS 

Neurosensory Retina 
The retina is an approximately 0.5 mm thick multi-layered sensory tissue 
that lines the back of the eye. All vertebrate retinas are composed of three 
layers of nerve cell bodies and two layers of synapses. 
 

 

Figure 1. The eye. Adapted from Praktische Oogheelkunde, Bohn Stafleu Van 
Loghum, 1996. With permission. 

The outer nuclear layer contains cell bodies of the photoreceptor cells. There 
are two types of photoreceptors in the retina: rods and cones. The middle nu-
clear layer contains cell bodies of the bipolar, horizontal and amacrine cells 
and the inner cell layer contains cell bodies of ganglion and displaced 
amacrine cells. Dividing these nerve cell layers there are two regions where 
synaptic contacts between cells occur. The first region is the outer plexiform 
layer (OPL) where connections between rod and cones, and vertically run-
ning bipolar cells and horizontally oriented horizontal cells occur. Cone pho-
toreceptors have a one to-one synapse with bipolar cells whereas more than 
one rod, and sometimes more than 100 rods converge to each bipolar cell. 
The second region of synaptic contact, is the inner plexiform layer (IPL), 
where the bipolar cells connect to the ganglion cells. In addition, amacrine 
cells interact in further networks to influence and integrate the ganglion cell 
signals. Light striking the retina must travel through the full thickness of the 
retina to reach the photoreceptors. The visual information is transmitted from 
the retina to the brain along the optic nerve. The inner limiting membrane 
(ILM), situated between the retina and the vitreous is the innermost layer of 

ion channels 
 
GK activation 
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the retina. The ILM is formed by the footplates of Müller cells, which is con-
tiguous with the most posterior aspect to the vitreous. 
 

 

Figure 2. The retina. Adapted from Praktische Oogheelkunde, Bohn Stafleu Van 
Loghum, 1996. With permission. 

The human retina contains approximately 6 million cones. Cones function 
best in bright light and allow us to distinguish color. The cones are concen-
trated in the area defined as the macula lutea or yellow spot. The macula 
contains xanthophyll (yellow) pigment that is visible through an ophthalmo-
scope. This area is 5-6 mm in diameter and defines the center of the retina. 
The central 1.5 mm within the macula is occupied by the fovea, which is the 
region of highest visual acuity. In the fovea, the ratio of ganglion cells to 
photoreceptors is the highest in the eye. In addition, at the fovea all of the 
other cell types squeeze out of the way to allow a maximum of light to hit 
the cones. This makes the fovea visible microscopically, appearing as a pit in 
the retina. No retinal blood vessels are present in and around the fovea. This 
structural specialization maximizes visual acuity at the fovea. There are ap-
proximately 125 million rods. They are spread throughout the peripheral ret-
ina and have their greatest density about 20E from fixation. Rods function 
best in dim lighting and are responsible for peripheral and night vision. 
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Retinal Pigment Epithelium 
The retinal pigment epithelium (RPE) is a monolayer of cuboidal cells  
situated between Bruch’s membrane and the retina. These RPE cells perform 
a variety of functions including inhibition of light scattering (as a result of 
their pigmentation) and endocytosis and breakdown of disk membranes that 
are shed by the photoreceptor cells on a diurnal basis. RPE cells also partici-
pate in the visual cycle by generating 11-cis-retinaldehyde that is used in the 
activation of rhodopsin in the photoreceptors. As a result of light absorption, 
transretinaldehyde is formed by bleaching of rhodopsin. This is reduced  
to all-trans-retinol which is then moved back to the RPE cells where  
11-cis-retinol is regenerated. 

RPE cells also play an essential role in maintaining the integrity of the 
blood-retinal barrier and thereby control access of blood-borne molecules to 
the neural retina.1 In addition, RPE cells are involved in absorption of 
subretinal fluid, which is part of the mechanism keeping the photoreceptor 
layer in close contact with the RPE cells.2 Because RPE cells are in such 
close contact with the photoreceptor cells they are able to facilitate the sup-
ply of necessary substrates, including oxygen to the photoreceptor cells. To-
gether, RPE cells are critical to the functioning of the eye and are involved in 
many eye diseases, such as age-related macular degeneration, Stargardt dis-
ease and proliferative vitreoretinopathy (PVR). 

The Vitreous 
The vitreous is a clear matrix, occupying the posterior segment of the globe. 
The vitreous body is composed of water (99%), a small amount of collagen 
and hyaluronic acid. Vitreous humor transmits light, supports the posterior 
surface of the lens, contributes to the intraocular pressure and holds the neu-
ral retina tightly against the pigment epithelial cells. It is bound anteriorly by 
the posterior segment of the lens capsule and posteriorly it is in close contact 
with the retina, and attached to the optic disc and vitreous base. With ageing, 
particularly in myopic eyes, the central vitreous undergoes liquefaction or 
syneresis. This causes the vitreous to shrink and ultimately detach from the 
retina and optic disc. This process is called posterior vitreous detachment 
(PVD). Symptoms of PVD include photopsias (flashing of light), caused by 
the physical stimulus of vitreoretinal traction on the retina and floaters. 
Many patients do not report acute symptoms when a PVD occurs. 

RHEGMATOGENOUS RETINAL DETACHMENT (RRD) 

Pathophysiology 
Because the vitreous gel remains attached at the base, traction caused by 
spontaneous or traumatic PVD can cause retinal breaks. Approximately 15% 
of all patients with acute symptomatic PVD are found to have one or more 
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retinal breaks.4 Retinal breaks in symptomatic eyes have a high risk of caus-
ing rhegmatogenous (rhegma means break in Greek) retinal detachment 
(RRD). RRD is caused by liquefied vitreous passing through a retinal break 
into the potential subretinal space between the photoreceptor layer and the 
RPE (Figure 3). When situated in the subretinal space, the fluid is called 
subretinal fluid. The retina will then start to detach from the underlying tis-
sue. Since most tears occur in the peripheral retina, the detachment will first 
cause loss of the peripheral visual field. The patient may remark a curtain or 
dark shadow. As the detachment extends towards the macula, the shadow 
will also enlarge. An acute drop in (central) visual acuity will occur when 
the macula detaches. Without surgical repair, most rhegmatogenous detach-
ments will eventually involve the entire retina and lead to blindness of the 
affected eye. 

If a retinal break is discovered before a detachment occurs, it can be treated 
to prevent the retina from detaching. Usually photocoagulation (laser) is 
used to treat a retinal break. The laser creates a series of burns surrounding 
the break which eventually scar and seal the retina to the underlying tissue. 
This prevents fluid (liquid vitreous) from passing through the break and de-
taching the retina. 
 

Figure 3. Rhegmatogenous retinal detachment (RRD). Left: liquefied vitreous pass-
ing through a retinal break into the potential subretinal space between the photore-
ceptor layer and the RPE (arrow). Right: more advanced rhegmatogenous retinal 
detachment. Adapted from. With permission. 

Epidemiology 
The incidence of retinal detachment is approximately 1:10.000 a year.3 Exact 
figures for the Netherlands are not known. Most retinal detachments occur 
between the ages of 50 and 65 years. The prevalence of RRD is 0.07%.3 The 
prevalence of retinal detachment during childhood and adolescence was 
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studied by Rosner et al., and was found to be 0.028%; 61.5% of these had 
traumatic retinal detachment, and 23.1% had high myopia without a history 
of trauma.4 

Risk factors for RRD are: myopia, trauma, cataract surgery, family history, 
inflammatory disease, diabetes and retinal detachment in the fellow eye. The 
differential diagnosis of retinal detachment includes retinoschisis, choroidal 
tumors and retinal elevation secondary to a detachment of the choroid. 

Treatment 
Currently, there are different surgical approaches in repairing a RRD; most 
often a scleral buckle procedure or a vitrectomy are performed 

Scleral buckle: In most clinics, uncomplicated cases of retinal detachment 
are operated on with scleral buckling surgery. This surgical procedure, first 
introduced in 1949 by Dr. Custodies,5 is commonly used for rhegmatoge-
nous retinal detachments, especially when there are no complicating factors. 
The procedure involves localizing the position of all the retinal breaks, treat-
ing retinal breaks with the cryoprobe or laser, and supporting all the retinal 
breaks with a scleral buckle. The buckle is usually a piece of silicone sponge 
or solid silicone. The type and shape of the buckle varies depending on the 
location, and the type and number of retinal breaks. The buckle is sewn onto 
the outer wall of the eyeball (sclera) to create an indentation or buckle effect 
inside the eye. The buckle is positioned so that it pushes the underlying RPE, 
choroid and scleral wall to the retinal break so that it effectively closes the 
break. Once the break is closed, the fluid under the retina (subretinal fluid) 
will usually spontaneously resolve over 1-2 days. Often surgeons will also 
drain subretinal fluid at the time of surgery. A scleral buckle procedure may 
be performed under local or general anesthesia and as same day surgery (in 
and out of the hospital on the same day). 

Vitrectomy: More complicated cases of RRD (like RRD complicated with 
severe preoperative proliferative vitreoretinopathy (PVR), a giant tear or vit-
reous hemorrhage) are operated on with a vitrectomy. The initial step in this 
procedure is usually the removal of the vitreous gel through very small inci-
sions (2-3 mm) in the sclera, hence the name “vitrectomy”. The vitreous is 
removed with a miniature handheld cutting device and replaced with a spe-
cial saline solution similar to the liquid being removed from the eye. A high 
intensity fiber optic light source is used to illuminate the inside of the eye 
while the surgeon operates. The surgeon uses a specialized operating micro-
scope and contact lenses or a wide field viewing system, which allows a 
clear view of the vitreous cavity and retina at various magnifications. De-
pending on the severity of the pathology, the estimated length of the surgery 
and the patients preference, the vitrectomy is performed under local or gen-
eral anesthesia. 
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Currently, about 90% of retinal detachments can be successfully repaired 
with a single procedure.3,6 Proliferative vitreoretinopathy (PVR) is the most 
common cause of failure of RRD surgery.3 PVR is caused by the prolifera-
tion of retinal pigment epithelial (RPE) cells, glial cells and other cells form-
ing membranes on the inner and occasionally outer retinal surface. As the 
membrane formation progresses, traction at the surface of the retina creates 
fixed retinal folds, equatorial traction, detachment of the nonpigmented epi-
thelium of the pars plana and generalized retinal shrinkage. This may cause 
the initial retinal breaks to reopen, new breaks to occur or tractional detach-
ments to develop. 

Postoperative visual acuity 
A retinal detachment can cause permanent damage to the vision if left un-
treated. The status of the macula (whether it was detached and for how long) 
is the most important pre-operative determinant for postoperative visual acu-
ity. After a macula-off rhegmatogenous retinal detachment (RRD) recovery 
of central vision commonly remains compromised, due to permanent func-
tional damage to the photoreceptor cells in the macular region after detach-
ment.7-9 Even when reattachment surgery is successful, a reattached retina 
rarely regains normal sensitivity or acuity.9-11 

Patients with rhegmatogenous retinal detachment (RRD) without macular 
involvement represent a distinct category because they generally have good 
preoperative central visual acuity. Although final visual outcome of success-
fully reattached macula-on retinal detachments is usually expected to be 
good, postoperative visual acuity may occasionally be disappointing. In 10% 
- 15% of the patients with a successfully repaired macula-on retinal detach-
ment, visual acuity does not return to the preoperative level.4 

Experimental animal models of retinal detachment 
Several animal models of retinal detachment have been described. These 
models enable scientists to get a better understanding of the pathogenesis of 
retinal detachment and ultimately develop new treatment strategies. Most 
studies involving experimental retinal detachment models in animals have 
been done in cats, mainly by the group of Lewis and Fisher at the Neuro-
science Research institute from the University of California in Santa Bar-
bara.9,12-14 Other animal species have also been used as experimental models 
for human retinal detachment, including rabbit, dog, and primate.15-17 The 
eyes of each of these animal species have differences from human eyes, such 
as the size of the globe and lens, photoreceptor type and distribution and 
scleral rigidity.18 In this thesis we used a pig model for retinal detachment 
since porcine eyes resemble human eyes quite well. Not only are the globe 
and lens size similar to human eyes, also the scleral rigidity, retinal circula-
tion and photoreceptor density are comparable.19-21 
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Biochemical factors in Rhegmatogenous Retinal Detachment 
In addition to the duration of macular detachment, biochemical factors may 
further deteriorate functional outcome after RD repair. These factors may 
have a protective or toxic effect on the retina, and may thereby influence 
visual outcome after retinal detachment. As mentioned above, subretinal 
fluid is often drained during scleral buckling surgery and vitreous fluid is 
removed while performing a vitrectomy. Instead of discarding these fluids, 
they are stored and used for various research purposes after the patients give 
their informed consent. Because the Department of Ophthalmology of the 
University Hospital Maastricht collects so many intraocular fluid samples, 
we were able to determine the concentration of some potentially toxic bio-
chemical factors in the eye after retinal detachment. 

GLUTAMATE TOXICITY 

Glutamate 
Glutamate is believed to be the major excitatory neurotransmitter in the ret-
ina. Glutamate is classified as an excitatory amino acid (EAA) because glu-
tamate binding onto postsynaptic receptors typically stimulates, or depolar-
izes, the postsynaptic cells. In the retina, photoreceptors, bipolar cells, and 
ganglion cells are glutamate immunoreactive.22-27 Some horizontal and/or 
amacrine cells can also display weak labeling with glutamate antibod-
ies.22,23,26,27 However, these neurons are believed to release GABA in stead 
of glutamate as their neurotransmitter,28 suggesting the weak glutamate la-
beling reflects the pool of metabolic glutamate used in the synthesis of 
GABA. 

After glutamate is released from neurons it is cleared from the extracellular 
environment via uptake by Müller cells (Figure 4). Müller cells subsequently 
transform glutamate into glutamine by the enzyme glutamine synthetase 
(GS), which is then exported from glial cells and incorporated into surround-
ing neurons (Figure 4).29 Neurons can then synthesize glutamate from 
glutamine.29,30 

Overproduction of glutamate may occur when glutamate is generated in ex-
cess or when the glutamate re-uptake is ineffective, as may happen in ische-
mia.31 Glutamate toxicity is considered to be caused by an excessive activa-
tion of the N-methyl-d-aspartate (NMDA)-type glutamate receptor and hence 
excessive Ca2+ influx through the receptor’s associated ion channel.32 Ca2+, 
which may cause cell death trough apoptosis when present in abundance, can 
stimulate the enzyme nitric oxide synthetase (NOS) to produce nitric oxide 
(NO). Under normal circumstances, NO is an important intracellular signal-
ling molecule (see next paragraph), however, overproduction of NO can lead 
to cell death through a variety of mechanisms, e.g. trough DNA damage, 
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apoptosis and decreased energy production by inhibition of mitochondrial 
function.31 
 

 

Figure 4. Glutamate metabolism. GS (glutamine synthetase). 

There are several animal studies implicating the role of glutamate in experi-
mental retinal detachment. In cat eyes with experimental retinal detachment, 
a marked decrease in the expression of glutamine synthetase (GS) activity 
has been found, suggesting that the clearance capacity of glutamate by 
Müller cells may be lost after retinal detachment.12 Also, there is evidence 
for large shifts in intracellular glutamate concentrations in the retina follow-
ing experimental retinal detachment.33 In human eyes, glutamine synthetase 
activity was significantly higher in subretinal fluid from patients with RRD 
compared to control patients, and an increased level of glutamine synthetase 
correlated with a longer duration of the retinal detachment.34 In experimental 
intervention studies, it has been shown that glutamate receptor (NMDA) an-
tagonists were able to decrease retinal damage after experimentally induced 
retinal ischemia.35-37 
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Nitric Oxide 
Nitric oxide (NO) is an important mediator of cell-cell interactions and ho-
meostatic processes in the eye, such as regulation of aqueous humour dy-
namics, retinal neurotransmission and phototransduction.38,39 NO is produced 
when the semi-essential amino acid l-arginine is converted to l-citrulline and 
NO by nitric oxide synthase (NOS) enzymes.40 NO then diffuses into nearby 
target cells to elevate cyclic GMP levels and thereby triggers different cell 
functions. NOS exists in three major isoforms: neuronal, endothelial and in-
ducible NOS. In the retina, neuronal NOS is thought to be responsible for 
producing NO in photoreceptors and bipolar cells, whereas inducible NOS, 
is found in Müller cells and in the retinal pigment epithelial (RPE) cell 
layer.41,13 Neuronal and endothelial NOS are constitutively expressed and ac-
tivated in a calcium/calmodulin dependent way by glutamate or vasodilata-
tors.39 Expression of inducible NOS is activated by endotoxin and cytokines. 
As stated earlier, excess NO can be toxic.42 

High levels of NO have been implicated in the pathogenesis of a variety of 
eye diseases, including glaucoma, proliferative diabetic retinopathy, cataract 
and uveitis.43-46 

CYCLIC GMP 

Cyclic GMP function in the retina 
Cyclic 3’, 5’-guanosine monophosphate (cGMP), regulates the activity of 
neurons throughout the whole central nervous system, controlling processes 
like electrical signaling and synaptic physiology. In the eye, cGMP is a cen-
tral molecule in the phototransduction cascade and is also involved in a 
number of other physiological processes in the retina.47,48 In experimental 
retinal detachment, cGMP analogues were shown to increase the rate of fluid 
absorption from the subretinal space by 33%.48 It has also been shown that 
cGMP analogues or NO donors reduce the gap-junction coupling of 
amacrine cells with cone bipolar cells.49 In RPE cells, cGMP has been impli-
cated in stimulation of Cl- transport, suppression of hypoxia-associated vas-
cular endothelial growth factor (VEGF) gene expression, and phagocytosis 
of rod outer segments.50-52 The increased rate of fluid absorption from the 
subretinal space indicates a possible role for cGMP in the clearance of 
subretinal fluid after retinal detachment. The involvement of cGMP in retinal 
detachment was furthermore suggested by a previous study, in which we ob-
served a decreased level of cGMP in vitreous and subretinal fluid of patients 
with retinal detachment.53 Moreover, a significant decrease was found in the 
mean subretinal cGMP levels when the retinal detached existed longer. 
Thus, it appears that cGMP can modulate several aspects of retinal physiol-
ogy, besides its role in phototransduction. In the retina, cGMP gated chan-
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nels were found in photoreceptors, ganglion cells, bipolar cells and Müller 
cells.54-56 

Cyclic GMP synthesis 
Two different enzymes catalyze the conversion of the substrate guanosine 
‘5-triphosphate (GTP) into cGMP (Figure 5). These enzymes are called par-
ticulate (membrane-bound) or soluble (cytosolic) cyclases based on their 
general structure and cellular distribution. There are several isoforms known 
of each type. Soluble guanylyl cyclase is activated by nitric oxide (NO), and 
is expressed in neurons of the inner retina.57 The enzyme soluble GC is a 
heterodimeric protein consisting of two different subunits, the so-called 
α- and β subunit.58 Stimulation of soluble guanylyl cyclase by NO occurs 
through binding of NO to the prosthetic heme group which can lead to an up 
to 100-200 fold stimulation of the enzyme.59 Increasing tissue levels of NO, 
by incubation with sodium nitroprusside (SNP) as an NO donor, results 
in increased cGMP immunoreactivity in amacrine, ganglion and bipolar 
cells.60-63 

Figure 5. cGMP synthesis and breakdown. pGC (particulate guanylyl cyclase), 
sGC (soluble guanylyl cyclase), NOS (nitric oxide synthase), NO (nitric oxide), PDE 
(phosphodiesterases) 

Membrane bound or particulate guanylyl cyclases produce cGMP, after acti-
vation by natriuretic peptides such as atrial natriuretic peptide (ANP), brain-
type natriuretic peptide (BNP) and C-type natriuretic peptide (CNP).64 Par-
ticulate guanylyl cyclases are either ligand-activated receptors (e.g. natri-
uretic factors) or calcium-regulated, integral membrane proteins.65 In turtle 
retina, stimulation with exogenous natriuretic peptides increased total retinal 
cGMP levels.42 Reports comparing both enzymatic pathways involved in the 
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cGMP production in the rat retina show that the NO-cGMP pathway (via 
soluble guanylyl cyclase) exists dominantly in the inner nuclear layer and the 
ANP-cGMP pathway (via particulate guanylyl cyclase) exists dominantly in 
the rod photoreceptor.57,65-67 

ANP is a circulating peptide and has been detected in different cell layers of 
the rat and rabbit retina. Also in the RPE cell layer of the human retina 
strong ANP immunolabeling has been previously shown.68 In addition, 
mRNA of NPR-A and NPR-B, both ANP receptors, has been demonstrated 
in cultured rabbit RPE cells.69 Histochemical and molecular cloning studies 
have also revealed the presence of the NPR-A and NPR-B in the human and 
turtle retina.59,60,63 ANP is furthermore involved in controlling the extracellu-
lar fluid homeostasis. Also in RPE cells it has been shown that ANP stimu-
lates Cl- transport.50 

Phosphodiesterases 
Intracellular concentrations of cGMP represent the net balance between syn-
thesis by guanylyl cyclases and breakdown by 3’, 5’- cyclic nucleotide phos-
phodiesterases (PDEs).70,71 PDE activity was already discovered in 1958 by 
Sutherland et al.72 PDEs comprise a large group of enzymes that hydrolyze 
cAMP and cGMP to their inactive 5’ -derivates. The major function for 
PDEs in the cell is to terminate the amplitude and duration of the cyclic nu-
cleotide second messenger signal.71 Eleven different subfamilies of PDE 
isozymes (PDE1 - PDE11) have been classified. The classification is based 
on their affinities for cGMP and cAMP, and a number of proteomic and ge-
nomic characteristics.73 PDE2, PDE5, PDE6, PDE9 and PDE10 are the ma-
jor cGMP-degrading enzymes.74-78 From these PDE families, PDE10 (which 
hydrolyzes both cAMP and cGMP) has never been demonstrated in the eye 
and PDE6 is known to be only present in retinal photoreceptor cells.71,79 
PDE5 has been implicated in the control of vascular resistance.71 Also in the 
retina PDE5 has been shown to have a possible role in the regulation of reti-
nal blood flow.80 Because PDE9 has the highest affinity for cGMP of all the 
mammalian PDEs this enzyme could play a fundamental role in keeping in-
tra ocular cGMP at a low basal level.75 

PDE inhibitors 
The classification of the eleven PDE families is among other things based on 
their affinity towards a large number of PDE inhibitors. PDE inhibitors are 
well known in medical practice and used to treat a variety of diseases, like 
depression, asthma, pulmonary hypertension, cardiovascular disease, and 
male impotence. The compound Bay 60-7550 is a highly selective inhibitor 
of PDE2 and more potent than erythro-9-(2-hydroxy-3-nonyl) adenine 
(EHNA) which is generally used as a PDE2 inhibitor.81 In addition, in con-
trast to EHNA, Bay 60-7550 is devoid of adenosine deaminase activity.81 
Sildenafil, known as a drug used for male impotence, is a relatively selective 
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inhibitor for PDE5. Sildenafil however also weakly inhibits PDE6, an en-
zyme involved in the process of phototransduction, with an efficacy of 10% 
of that for PDE5.82 A single oral dose of 100 mg sildenafil has been shown 
to cause impaired photoreceptor function which is being attributed to weak 
inhibition of PDE6 by sildenafil.83,84 Sch51866 is a somewhat selective in-
hibitor of PDE9 as it also weakly inhibits PDE5, with an efficacy of 1/15 of 
that for PDE9.85 

Questions and hypotheses addressed in this thesis 
As stated earlier, even after successful surgery of a macular detachment, a 
reattached macula seldom regains its former sensitivity or acuity.9-11 A delay 
in surgery may result in a less favorable visual outcome in patients with a 
macula-off retinal detachment.8,86 Rapid changes in the detached retina, like 
a massive efflux of glutamate found in experimental retinal detachment,33 
indicate that the retina should be re-attached as soon as possible to prevent 
further damage to the retinal cells. Therefore a retinal detachment of recent 
onset is generally considered to be a surgical emergency, especially when 
the macula is involved. Looking at the disadvantages of emergency surgery, 
the question rises: does a short delay result in diminished visual acuity after 
surgery for patients with a detached macula? To answer this question we did 
a large observational case series to determine the effect of duration of macu-
lar detachment on recovery of post operative visual acuity, as described in 
Chapter 2. 

Because most patients with a macula-on retinal detachment have good visual 
acuities before surgery, keeping up this visual acuity postoperatively is im-
portant to meet the patients’ expectations. Knowing the risk factors associ-
ated with re-detachment and/or a worse visual outcome after macula-on 
scleral buckling surgery may therefore be valuable information that can be 
used for pre-operative counseling. Therefore the aim of our retrospective 
study, outlined in Chapter 3, was to identify preoperative clinical variables 
associated with re-detachment and/or a worse visual outcome in patients 
with rhegmatogenous retinal detachment (RRD) without macular involve-
ment after scleral buckling surgery. 

Ischemia of the retina leads to changes in the localization of the retinal 
amino acid neurotransmitters glutamate and GABA as well as to accumula-
tion of glutamate and GABA in Müller cells.87,88 Experimental models have 
also implicated glutamate in the irreversible damage to retinal cells follow-
ing retinal detachment. Because experiments detecting changes in neuro-
transmitter levels after retinal detachment have mostly been performed in 
animal models,13 the role of neurotransmitters in human retinal detachment 
is not yet known. We hypothesized that glutamate toxicity may have a role 
in causing a diminished visual acuity after retinal detachment surgery. 
Therefore we hypothesized that levels of glutamate and other amino acid 
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neurotransmitters may be increased in the vitreous fluid of patients suffering 
from a retinal detachment compared to the levels in control patients. This 
hypothesis was tested in the study described in Chapter 4. 

One way through which excessive glutamate levels can cause neurotoxicity 
is via prolonged stimulation of NOS and overproduction of NO.42 High lev-
els of NO have been implicated in the pathogenesis of a variety of ocular 
disorders, including glaucoma, proliferative diabetic retinopathy, cataract 
and uveitis.43-46 However no clinical study has been done previously to in-
vestigate whether NO is involved in retinal detachment. When increased NO 
synthesis has a role in RRD, it is to be expected that metabolites of the NO 
pathway (arginine, citrulline, nitrite e.g.) are upregulated in the vitreous fluid 
of RRD patients. This hypothesized was tested in the experiments described 
in Chapter 5. 

Cyclic GMP stimulates the absorption of subretinal fluid by activating the 
retinal pigment epithelium (RPE) cell pump.2,89 Recently we found that reti-
nal detachment was associated with a decrease in the cGMP concentration in 
the subretinal fluid as compared to controls.53 Moreover, a significant de-
crease was found in the mean subretinal cGMP levels when the retinal de-
tached existed longer.53 Chapter 6 focuses on the mechanisms involved in 
cGMP metabolism in the RPE cells because those cells are known for their 
role in keeping the retina attached. We found that human RPE cells are ca-
pable of producing cGMP and that most cGMP is generated following stimu-
lation of the particulate guanylyl cyclase pathway with ANP. Previously, 
also the inducible isoform of nitric oxide synthase (iNOS) has been demon-
strated in RPE cells.90,91 However, the relation between NO-synthesis and 
cGMP synthesis in the cultured RPE cells has not been investigated. As also 
ANP stimulates cGMP synthesis in RPE cells, we hypothesized that con-
tinuous synthesis of NO by iNOS results in a low level of cGMP synthesis in 
RPE cells, and that ANP stimulated cGMP synthesis might occur in (a) dif-
ferent compartment(s).The aim of the study described in Chapter 7 was 
therefore to investigate the role of two separate enzymatic pathways (soluble 
versus particulate guanylyl cyclase) in the synthesis of cGMP in cultured 
human RPE cells with special focus on the role of ANP and iNOS and their 
interaction. Next, we questioned which PDE isoforms are involved in the 
cGMP breakdown in RPE cells and could so be responsible for the decreased 
cGMP concentration after retinal detachment. To answer this question we 
performed a series of experiments described in Chapter 8. 

The mechanisms causing decreased cGMP levels in RRD and the biological 
significance are unknown. We hypothesized that because of energy and oxy-
gen deprivation due to the separation of the retina, the number of cells ex-
pressing cGMP may be reduced after retinal detachment. This hypothesis 
was tested by analyzing the presence of cGMP in retinal cells and vitreous 
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fluid from pig eyes with an experimental retinal detachment as described in 
Chapter 9. 

In Chapter 10, the findings of this thesis are discussed and suggestions for 
future research are presented. 
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ABSTRACT 

The aim of this retrospective, observational case series was to determine the 
effect of duration of macular detachment (DMD) on visual acuity in patients 
with macula-off rhegmatogenous retinal detachment. A total of 202 consecu-
tive patients (202 eyes) with primary, uncomplicated, macula-off retinal de-
tachment, a preoperative visual acuity ≤ 10/100, a precise history of when 
macular function was lost, successful re-attachment surgery and a minimal 
follow up of 3 months were included. All retinal detachments were repaired 
with a primary scleral buckling procedure performed by three vitreoretinal 
surgeons. Main outcome measure was postoperative best corrected visual 
acuity. Considering all eyes, the cumulative mean of the best corrected post-
operative visual acuity (logarithm of the minimum angle of resolution 
(LogMAR)) as a function of the DMD shows a rapid worsening when DMD 
exceeds 6 days. Eyes were divided into three groups, corresponding to the 
following DMD time intervals: immediate (within 10 days), delayed (11 
days - 6 weeks) and late (longer than 6 weeks). The mean postoperative vis-
ual acuity (in logMAR) of eyes with DMD up to 10 days was 0.35±0.31 (be-
tween 20/40 and 20/50 Snellen Equivalent), in the delayed group the mean 
visual acuity was 0.48±0.26 (20/60 Snellen Equivalent), and in the eyes with 
DMD longer than 6 weeks it was 0.86±0.30 (8/60 Snellen Equivalent). Our 
results indicate that the scleral buckling procedure should be done preferably 
within a 7-day DMD. 

INTRODUCTION 

After a macula-off retinal detachment improvement of central vision remains 
compromised, due to permanent functional damage to the macula after de-
tachment.1-3 Even when reattachment surgery is successful, a reattached ret-
ina rarely regains normal sensitivity or acuity.3-5 A delay in surgery may re-
sult in an even worse visual outcome for patients with a detached retina.1,6 
Therefore a retinal detachment of recent onset is generally considered to be a 
surgical emergency, especially when the macula is involved. Not only the 
ophthalmologist but also most patients would like the surgery to be sched-
uled soon after the onset of detachment. 

Detachment of the neural retina from the retinal pigment epithelium (RPE) 
induces a variety of changes in several cell types throughout the retina.3 
From experimental animal research it is known that a retinal detachment 
leads to alterations in the neurotransmitter and metabolic acid content of vir-
tually all neuronal and glial cells in the neural retina.7,8 Some of these altera-
tions, like a massive efflux of neuronal glutamate, start to occur within hours 
after the onset of retinal detachment.9 These rapid changes of a detached ret-
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ina may indicate that the retina should be re-attached as soon as possible to 
minimize further damage to the retinal cells. 

In clinical practice, the question rises: does a short delay result in diminished 
visual acuity after surgery for patients with a detached macula? To answer 
this question large observational case series are needed that determine the 
effect of duration of macular detachment (DMD) on post operative visual 
acuity. 

Although an important article was published on visual recovery of macula-
off retinal detachments as early as in 1982, only a few papers have been pub-
lished on this topic ever since. In this article Burton et al. showed progres-
sive decline in visual acuity over a 1- to 79-day period.1 This paper did not 
specifically show detailed results about visual acuity after macula-off de-
tachments operated within the first week of macular involvement. Another 
study was published that showed visual recovery in macula-off rhegmatoge-
nous retinal detachment (RRD) of 7 days’ duration or less.10 The authors 
concluded that delay in surgical repair does not adversely affect visual out-
come within the first week after development of macula-off retinal detach-
ment. Although a large number of patients were included in this study, no 
cut-off point in time could be found after which the post operative visual re-
sults become significantly worse. This may be due to the fact that only pa-
tients with a DMD of 7 days duration or less were included. 

Hassan et al. divided the DMD into three different intervals, namely; acute 
(10 days or less), subacute (11 days - 6 weeks) and chronic (longer than 6 
weeks). These authors showed better visual recovery in the acute group 
compared to the subacute and chronic group.11 Due to the small number of 
patients in the acute group, Hassan et al. were not able to make powerful sta-
tistical comparisons within this group of patients with a DMD up to 10 days. 

The aim of the current study was to verify the results of Hassan et al.11 and 
additionally to study the visual recovery of patients with a macular detach-
ment operated within 10 days. Our major goal was to determine a cutoff 
point in DMD after which the post operative visual results become signifi-
cantly worse. 

MATERIALS AND METHODS 

Patients 
We retrospectively reviewed the records of 671 consecutive patients with 
RRD who were operated on with a scleral buckling (SB) procedure by one of 
three experienced vitreoretinal surgeons during a 7-year period (1997 - 
2003) in our clinic. The study was performed with the agreement of the Uni-
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versity Hospital ethics committee; all patients gave their informed consent 
prior to inclusion in the study and after the nature of the study had been ex-
plained. The study adhered to the tenets of the Declaration of Helsinki. We 
used extensive inclusion criteria to select the patient database for this series. 
All eyes of patients that were included suffered from a primary, macula-off 
RRD with a visual acuity (VA) ≤ 10/100. Only patients who could estimate 
the time of onset of significant visual loss accurately to a specific 24-hour 
period were included. DMD was defined as the time between the onset of 
symptoms of macular detachment (sudden significant visual loss) and the 
time of surgery. Eyes with vitreous hemorrhage or any other coexistent ocu-
lar disease were excluded because poor pre-operative visual acuity could not 
be attributed solely to macular detachment. When present, proliferative vit-
reoretinopathy (PVR) was graded according to the classification of RRD.13 
In our clinic, eyes with RRD with up to PVR grade C1 are operated with a 
conventional scleral buckling technique. Eyes with PVR grade C2 and 
higher are operated on with a primary vitrectomy (as previously described)13, 
and were excluded from this study. In addition, patients who had any prior 
ocular surgery other than uncomplicated cataract extraction were excluded. 
No eyes with complicated RRD such as those with a giant retinal tear or 
retinoschisis were included. All eyes underwent SB with standard explant 
techniques. Only patients in whom accurate pre- and post operative visual 
acuity testing was possible were included. Eyes without successful reattach-
ment following the primary procedure (62 patients with re-detachment due 
to PVR and 35 patients with re-detachment due to other causes) were ex-
cluded. All eyes had a minimum follow-up of 3 months (Table 1). 

The following pre-operative clinical characteristics of the study patients 
were collected for statistical analysis: age, gender, eye affected, DMD, pre-
operative best corrected visual acuity, the number of prior eye operations, 
including cataract surgery, prior endolaser or cryocoagulation, and follow-up 
length. The following variables related to the scleral buckling procedure 
were collected: whether intraocular tamponade with air or cryotherapy was 
used, intraoperative and postoperative complications and, whether or not a 
re-detachment occurred. At 1, 3, 6, 12, and 24 months after surgery the vis-
ual acuity, retinal status and any possible reoperations were registered. At 
final follow-up we recorded anatomic result. 

Statistical analysis 
For statistical analysis, we consulted a professional statistician at our Uni-
versity Hospital (AGH Kessels, co-author). For statistical analysis Snellen 
visual acuities were converted to a logarithmic scale (LogMAR, i.e., the 
logarithm of the minimal angle of resolution), as described earlier.14 

To compare our results with earlier published studies, eyes were divided into 
three groups, corresponding to the following time intervals: DMD up to 10 
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days, DMD up to 6 weeks and DMD longer then 6 weeks.11 The eyes in the 
immediate group (n = 160) were also examined at shorter intervals of 2 days: 
1 to 2 days of detachment (n = 23), 3 to 4 days (n = 60), 5 to 6 days (n = 37) 
7 to 8 days (n = 27) and 9 to 10 days (n = 13). Statistical analysis comparing 
the means of pre-operative visual acuity and post-operative visual acuity be-
tween the three categories of DMD was performed using one-way ANOVA. 
The post operative visual acuity was divided into three groups: 20/40 or bet-
ter, 20/50 to 20/100, and 20/200 or worse. The percentages of patients in 
each category were compared using the Chi-square test or the Fisher-exact 
test if appropriate. To determine the maximum DMD time interval in which 
a patient should be operated, we constructed a graph showing the cumulative 
mean of the best corrected postoperative visual acuity (LogMAR) as a func-
tion of the DMD. 

RESULTS 

A group of 202 patients with a primary RRD was included who fulfilled the 
inclusion criteria as outlined above (Table 1). 

Table 1. Exclusion criteria applied on the total of 671 consecutive patients with 
macula-off retinal detachment. 

Reasons for exclusion Total 671 patients Patients left 

Follow up < 3 months 63 608 
No exact time of onset of DMD* 30 578 
Macula not involved 258 320 
Macula evaluation not possible 2 318 
Re-detachment due to PVR* 62 255 
Re-detachment not due to PVR* 35 220 
Amblyopia 6 212 
Retinoschisis 1 211 
Vitreous hemorrhage 6 205 
Prior or coexistent ocular disease or surgery 3 202 

* DMD = duration of macular detachment; PVR = proliferative vitreoretinopathy 

The age of the patients ranged from 24 to 80 years, with a mean age of 60.9 
years. There were 79 (39.2%) female and 123 (60.8%) male patients in-
cluded. A total of 111 (54.4%) patients were operated on the right eye and 
93 (45.6%) on their left eye. Before surgery 158 eyes (77.9%) were phakic 
and 44 eyes (22.1%) were pseudophakic. All 202 patients could time the on-
set of significant visual loss to a 1-day period in the acute group and to a 3-
day period if they were included in the subacute or chronic group. For all 
eyes the mean duration of DMD was 11.4 days (range 1 day - 6 months). 
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Gas was used as temporary internal tamponade in 167 patients (81.9%) and 
165 patients (80.9%) received cryotherapy during the scleral buckling pro-
cedure to achieve retinopexy. No significant intraoperative complications, 
such as subretinal hemorrhage or incarceration, occurred in any of the 202 
eyes. The follow up time ranged from 3 to 86 months, with a mean of 22.5 
months. The mean preoperative visual acuity for all groups was 1.79  
logMAR units (5/200 Snellen equivalent). The mean preoperative visual 
acuities in the three comparison groups were not statistically different 
(P = 0.530). 

Visual results 
The mean postoperative visual acuity (in logMAR) of eyes with DMD up to 
10 days was 0.35±0.31 (20/40 - 20/50 Snellen Equivalent), in the delayed 
group (11 days – 6 weeks) the mean visual acuity was 0.48±0.26 (20/60 
Snellen Equivalent), and in the eyes with DMD longer than 6 weeks it was 
0.86±0.30 (8/60 Snellen Equivalent) (Table 2 on next page). The mean best 
corrected postoperative visual acuity of eyes in the immediate group was sig-
nificantly better than in the delayed or late group (P < .001). This was also 
the case when comparing the visual acuity results obtained at 3 months  
(P < .001), at 6 months (P < .001), and at 12 months (P = 0.035) after sur-
gery (Table 2). 

After the scleral buckling procedure, 58.5 % of eyes repaired within 10 days 
or less had a best corrected postoperative visual acuity of 20/40 or better. 
This was significantly better (P = 0.01) than the 32.1% of patients in the de-
layed group, which in addition was significantly better (P = 0.04) than the 
percentage of 0.0% of patients who had a best corrected postoperative visual 
acuity of 20/40 or better in the late group. In the immediate group, only 5.6% 
of the patients had a mean visual acuity of 20/200 or worse after a scleral 
buckling procedure. In the subacute and late group, respectively 10.7% and 
30.8% of the patients had a postoperative visual acuity of 20/200 or worse 
(Table 3). These differences were not statistically significant. 

Table 3. Effect of duration of Macular Detachment on Visual Acuity at after a 
Scleral Buckling procedure. 

 Visual acuity Visual acuity Visual acuity 
Duration of macular ≥ 20/40 20/50 - 20/200 < 20/200 
detachment %(n)* %(n)* %(n)* 

≤ 7 days  54.2 (77)  44.4 (63)  1.4 (2) 
≤ 10 days  58.8 (94)  35.6 (57)  5.6 (9) 
11 days - 6 wks  32.1 (9)  57.1 (16)  10.7 (3) 
> 6 wks  0 (0)  69.2 (9)  30.8 (4) 

* n = number of patients. 



 

 

 
 
 

Table 2. Effect of duration of Macular Detachment on Visual Acuity at 3, 6 and 12 months after a Scleral Buckling procedure. 

 Mean Preoperative Mean Postoperative Mean Postoperative Mean Postoperative Mean Postoperative 

 Visual acuity  Visual acuity  Visual acuity  Visual acuity  Visual acuity  

Duration of macular  Best corrected at 3 months FU* at 6 months FU* at 12 months FU* 

detachment LogMAR±Sd(n)* LogMAR±Sd(n)* LogMAR±Sd(n)* LogMAR±Sd(n)* LogMAR±Sd(n)* 

≤ 10 days 1.82±0.78 (160) 0.35±0.31 (160) 0.47±0.36 (160) 0.41±0.27 (107) 0.51±0.48 (73) 

11 days - 6 wks 1.65±0.79 (28) 0.48±0.26 (28) 0.69±0.47 (28) 0.63±0.33 (19) 0.80±0.55 (12) 

> 6 wks 1.90±0.46 (13) 0.86±0.30 (13) 1.15±0.47 (13) 0.89±0.26 (9) 1.10±0.78 (3) 

      

P value (ANOVA)* P = 0.530 P < .001 P < .001 P < .001 P = 0.035 

* FU = follow up; LogMAR±Sd = visual acuity in LogMAR units±standard deviation; n = number of patients; 
ANOVA = Statistical analysis was performed using one-way ANOVA. 
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Considering all eyes, the cumulative mean of the best corrected postopera-
tive visual auity (LogMAR) as a function of the DMD shows a rapid worsen-
ing when DMD exceeds 7 days (Figure 1). As can be seen from this graph, 
the curve starts to flatten at day 10; where after postoperative visual acuity 
does not significantly alter. The mean best corrected postoperative visual 
acuity (LogMAR) of patients operated on the first day of macular detach-
ment was 0.49±0.048. Because this group only exists of 2 patients these pa-
tients were not included in the calculation of the cumulative means of the 
best corrected post operative visual acuity. They were however included in 
the other data analyses. 

Figure 1. Showing the cumulative mean of the best corrected postoperative visual 
acuity (VA) (LogMAR) as a function of the duration of macular detachment in days 
(DMD). 

 
 (N= number of patients, day 2: N = 23; day 3: N = 57; day 4: N = 83; day 5:  

N = 107 day; 6: N = 120; day 7: N = 142; day 8: N = 147; day 9: N = 153;  
day 10: N = 160) 

In the immediate category the DMD was divided into 2-day intervals to 
compare our results with earlier published studies.11 Table 4 shows the effect 
of the subdivision in DMD on preoperative and best corrected postoperative 
visual acuity. Patients operated on the first or second day of DMD had a 
worse mean preoperative visual acuity (2.09±0.72) compared to the other  
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patients in this immediate category (mean visual acuity in the entire immedi-
ate group: 1.82±0.78) (Table 4). 

Table 4. Effect of duration of Macular Detachment on Visual Acuity at after a 
Scleral Buckling procedure. 

   Mean Preoperative Mean Postoperative 
  Visual acuity  Visual acuity  
Duration of macular   Best corrected 
detachment n LogMAR±Sd* LogMAR±Sd* 

1-2 days 23 2.09±0.72 0.29±0.22 
3-4 days 60 1.77±0.78 0.29±0.27 
5-6 days 37 1.78±0.76 0.31±0.19 
7-8 days 27 1.78±0.88 0.51±0.48 
9-10 days 13 1.73±0.79 0.51±0.38 
Total group 160 1.82±0.78 0.35±0.32 

* LogMAR±Sd = visual acuity in LogMAR units±standard deviation; n = number 
of patients 

DISCUSSION 

To determine the critical DMD time interval in which a patient with a mac-
ula-off retinal detachment should be operated we constructed a graph show-
ing the cumulative mean of the postoperative visual acuity (LogMAR) as a 
function of the DMD. The cumulative mean of the best corrected postopera-
tive visual acuity (LogMAR) as a function of the DMD shows a rapid wors-
ening when DMD exceeds 6 days. After a DMD of 10 days the slope of the 
graph becomes flat, which indicates that after a DMD of 10 days a further 
delay of scleral buckling surgery does not have a large negative effect on 
post operative visual acuity. Based on these data, we suggest that the scleral 
buckling procedure should preferably be done within 7 days of DMD. Given 
these results it may also be concluded that within 7 days of DMD the surgery 
is not emergent and delay in surgical repair does not negatively affect the 
visual outcome. Of course, our sample size does not allow adequate power to 
detect small day to day differences in outcome within the first 6 to 7 days. 

In the current study, the mean postoperative visual acuity of eyes with DMD 
up to 10 days was significantly better than in the delayed (DMD of 11 days - 
6 weeks) and late group (DMD longer than 6 weeks). This result is in accor-
dance with results Hassan et al. showed earlier.11 The mean postoperative 
visual acuity of eyes with DMD up to 10 days was somewhat better in the 
group of Hassan et al. compared to our patients. However, we found a 
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slightly better postoperative visual acuity after repair during the delayed and 
late periods. Hassan et al. used similar exclusion criteria as in the current 
study; they also included only patients operated on with a standard explant 
scleral buckle technique. In contrast with the current study however, Hassan 
et al. were not able to make powerful statistical comparisons within this 
group of patients with a DMD up to 10 days, due to the small number of  
patients in the acute or immediate group. 

A paper by Ross et al showed visual recovery in macula-off RRD repaired 
within 1 to 7 days.10 The major conclusion from this study was that the 
length of macular detachment within the first week does not significantly in-
fluence visual acuity after scleral buckling surgery. Comparable to Ross et 
al. we found a minimal visual acuity loss in patients operated within the first 
7 days of DMD (table 4). Therefore our findings help support the recom-
mendation of Ross et al10 that delay in surgical repair does not adversely af-
fect visual outcome within the first week after development of macula-off 
retinal detachment. The study by Ross et al. did however not include patients 
with a DMD of longer than 7 days. Our results show that postoperative vis-
ual acuity declines significantly over time after DMD of 7 days. 

Although we conclude that scleral buckling procedure should preferably be 
done within 7 days of DMD there may be good reasons to delay the surgery, 
for example, to stabilize patients with certain medical problems. 

Delaying surgery until the next scheduled operating day however, enables 
the hospital staff to schedule the surgery in a more effective and convenient 
way. Emergency surgery is also more expensive than scheduled surgery due 
to extra personnel and other costs for evening and weekend surgery.15 Many 
hospitals have three categories of urgency: emergent, urgent, and elective. In 
most hospitals emergent cases, like endophthalmitis, ruptured globes or ma-
lignant glaucoma, are operated on the same day or night. Using this classifi-
cation a retinal detachment would be urgent and is scheduled for the next 
day or two. Other departments or hospitals may use only two categories: 
emergent or not-emergent. The term “surgical emergency” is therefore a 
complex issue because it can have different meanings in different settings. 
The term “emergency surgery” as used in this article is reasonably being 
termed urgent surgery in many settings around the world. 

Immediately after macular reattachment a complex process begins, leading 
to (partial) recovery of visual acuity.16,17 A rapid increase in the visual acuity 
was shown previously in the first 6 months after macular reattachment, 
thereafter further visual improvement was slow and minimal.5 This is in ac-
cordance with our postoperative visual acuity results. The visual results at 6-
months postoperative are clearly better than the results after 3 months which 
may be due to further recovery of the cone photopigments after RRD, as 
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previously shown by Liem et al.5 Visual acuity results 12 months after sur-
gery were somewhat worse compared to the results 6 months after surgery. 
This could be due to development of cataract or macular changes after reti-
nal detachment surgery.2 

The mean best corrected postoperative visual acuity of patients operated on 
the first day of macular detachment was the lowest of all patients in the im-
mediate group. In the study of Hartz et al. the most important reason for per-
forming immediate emergency surgery was the inability to schedule an oper-
ating room the next day. But also patient characteristics influenced how sur-
gery was scheduled.10 In our series, the 2 patients operated on the first day of 
macular detachment had low pre operative visual acuity which can be one of 
the explanations for their worse visual outcome. 

There are several shortcomings of this study. It is retrospective and nonran-
domized. Determination of DMD was uncontrolled and dependent on the re-
liability and precision of the patient’s memory. Recently it was shown that 
lower height of macular detachment correlates with better visual recovery 
after treatment of macula-off retinal detachment.18 We were not able to in-
clude this important pre-clinical finding in our analysis, because the height 
of macular detachment was not documented carefully for all patients. Fur-
thermore we only included patients who had a successful reattachment. But 
because surgeons will not know ahead of time which patients are going to 
need reoperation it is possible that they will use our data to guide patients 
who will fail as well. 

In summary, our results show that the best mean post operative visual acuity 
was seen in patients with a macula off retinal detachment repaired within the 
first 10 days (acute or immediate group). The cumulative mean of the best 
corrected postoperative visual acuity (LogMAR) as a function of the DMD 
illustrates a rapid worsening when DMD exceeds 6 days. According to our 
findings, the visual acuity outcomes can be expected to worsen when DMD 
exceeds 6 days. After DMD of 10 days, visual acuity outcomes can be ex-
pected to stabilize. The implication of this study therefore is that the scleral 
buckling procedure after macula-off retinal detachment should preferably be 
done within 7 days. 
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ABSTRACT 

The objective of this study was to evaluate risk factors associated with re-
detachment and/or a worse visual outcome in patients with rhegmatogenous 
retinal detachment without macular involvement following scleral buckling 
surgery. In a retrospective observational case series, we analyzed 107 con-
secutive eyes with primary, macula-on retinal detachment, a precise history 
of when visual field loss had occurred and a minimal follow up of 6 months. 
The main outcome measures were visual acuity 6 months postoperatively 
and anatomic re-attachment rate. Of all preoperative clinical variables, which 
were evaluated to assess their association with a worse postoperative visual 
outcome, the occurrence of a re-detachment and the presence of preoperative 
proliferative vitreoretinopathy was found to be statistically significant was 
found to be statistically significant (P < 0.001 and P = .033; respectively), 
using a stepwise forward multiple logistic regression analysis. A longer re-
ported duration of visual field loss before surgery (P = 0.014) was found to 
be a statistically significant risk factor associated with a recurrent retinal de-
tachment. Our results furthermore showed that 29% of the patients had more 
than 2 Snellen lines visual loss 6 months after a successfully repaired mac-
ula-on retinal detachment compared to preoperatively. Five eyes (4.7 %) had 
a visual acuity ≤ 20/200 at 6 months after surgery. In rhegmatogenous retinal 
detachment without macular involvement, the presence of proliferative vit-
reoretinopathy is an indicator for a low visual outcome after retinal detach-
ment surgery. A longer duration of visual field loss before the scleral buck-
ling procedure increases the chance of a retinal re-detachment after surgery. 

INTRODUCTION 

Patients with rhegmatogenous retinal detachment (RRD) without macular 
involvement represent a distinct category because they generally have good 
preoperative central visual acuity. Although final visual outcome of success-
fully reattached macula-on retinal detachments is usually expected to be 
good, postoperative visual acuity may occasionally be disappointing. In 10% 
- 15% of the patients with a successfully repaired macula-on retinal detach-
ment, visual acuity does not return to the preoperative level.1 

Because most patients with a macula-on retinal detachment have good visual 
acuities before surgery, keeping up this visual acuity postoperatively is im-
portant to meet the patients’ expectations. Knowing the risk factors associ-
ated with re-detachment and/or a worse visual outcome after macula-on 
scleral buckling surgery may therefore be valuable information that can be 
used for pre-operative counseling. Therefore the aim of this retrospective 
study was to identify preoperative clinical variables associated with  
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re-detachment and/or a worse visual outcome in patients with RRD without 
macular involvement after scleral buckling surgery. 

MATERIALS AND METHODS 

Patients 
We retrospectively reviewed the records of 671 consecutive eyes with RRD 
which were operated on with a scleral buckling procedure by one of three 
experienced vitreoretinal surgeons during a 7-year period (1997 - 2003) in 
our clinic. The study was performed with the agreement of the University 
Hospital ethics committee; all patients gave their informed consent prior to 
inclusion in the study and after the nature of the study had been explained. 
The study adhered to the tenets of the Declaration of Helsinki. 

We used extensive inclusion criteria to achieve the patient database for this 
series (Table 1). All eyes of patients that were included suffered from a pri-
mary RRD without macular involvement, confirmed by slitlamp biomicro-
scopy and had a best corrected Snellen visual acuity ≥ 80/100. Eyes with vit-
reous hemorrhage or any other coexistent ocular disease were excluded be-
cause poor preoperative visual acuity could not be attributed solely to retinal 
detachment. When present, proliferative vitreoretinopathy (PVR) was graded 
according to the classification of RRD.2 In our clinic, eyes with RRD with 
up to PVR grade C1 are operated with a conventional scleral buckling tech-
nique. Eyes with PVR grade C2 and higher are operated on with a primary 
vitrectomy (as previously described),3 and were excluded from this study. In 
addition, patients who had any prior ocular surgery other than uncomplicated 
cataract extraction were excluded. Eyes with complicated RRD such as those 
with a giant retinal tear, retinoschisis or RRD due to trauma were included. 
Eyes with preoperative visual acuity < 80/100 (best corrected Snellen visual 
acuity) were excluded to rule out patients with shallow macular detachment, 
severe cataract, macular problems, dense vitreous floaters or any other coex-
istent ocular disease that may compromise visual outcome. All eyes under-
went scleral buckling surgery with standard explant techniques. Only pa-
tients in whom accurate pre- and postoperative visual acuity testing was pos-
sible were included. All eyes had a minimum follow-up of 6 months. After 
applying these inclusion and exclusion criteria 107 eyes (107 patients) were 
included in the current study. 

The following preoperative clinical characteristics of the study patients were 
collected for statistical analysis: age, gender, refractive error, eye affected, 
the number of detached quadrants of the retina, number of retinal breaks, 
cumulative size of breaks, duration of visual field loss (days), preoperative 
best corrected visual acuity, whether the patient had diabetes mellitus,  
the number of prior eye operations, lens status (phakic, pseudophakic or 
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aphakic), prior endolaser or cryocoagulation, and follow-up length. High 
myopia was defined as preoperative refractive error of -5D or more. The fol-
lowing variables related to the scleral buckling procedure were collected: 
whether intraocular tamponade with air or cryotherapy was used, intraopera-
tive and postoperative complications and, whether or not a re-detachment 
occurred. At 6 months after surgery the best corrected Snellen visual acuity, 
retinal status and any possible reoperations were registered. Anatomic suc-
cess was defined as a complete attachment of the retina. 

Statistical analysis 
For statistical analysis, we consulted a professional statistician at our Uni-
versity Hospital (AGH Kessels, co-author). For statistical analysis Snellen 
visual acuities were converted to a logarithmic scale (LogMAR, i.e., the 
logarithm of the minimal angle of resolution), as described earlier.4 A step-
wise forward multiple logistic regression analysis was used for to determine 
the association between visual outcome or re-detachment after initial scleral 
buckling surgery for the following variables: age, gender, diabetes, preopera-
tive PVR, preoperative visual acuity, number of quadrants detached, number 
of retinal breaks, lens status, high myopia, and duration of retinal detach-
ment (based on duration of visual field loss before surgery in days). Duration 
of visual field loss was compared between groups (patients with and without 
a re-detachment within 6 months after surgery) using Student’s t-test. 

RESULTS 

A group of 355 patients (53.1 %) was excluded as they had a macular de-
tachment. In total 107 eyes with a primary RRD without macular involve-
ment were included who fulfilled the inclusion criteria as outlined above 
(Table 1). The age of the patients ranged from 21 to 85 years, with a mean 
age of 55.0 years. We included 36 (33.6%) female and 71 (66.4%) male pa-
tients. A total of 58 (54.2%) patients were operated on the right eye and 49 
(45.8%) on their left eye. Before surgery 77 eyes (72.0%) were phakic and 
30 eyes (28.0%) were pseudophakic. Gas was used as a temporary internal 
tamponade in 75 patients (70.1%). 78 patients (72.9%) received cryotherapy 
during the scleral buckling procedure, the other 27.2% received post-
operative laser therapy to achieve retinopexy. Intraoperative complications, 
such as subretinal hemorrhage or incarceration, did not occur in any of the 
eyes. The follow up time ranged from 6 to 89 months, with a mean of 31 
months. For all eyes the mean duration of visual field loss was 16.5 days 
(range 1 day - 12 months). The mean duration of visual field loss for patients 
who had experienced an earlier RRD of the fellow eye (5 patients) was 2.8 
days (range 2 day - 4 days). 
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Table 1. Exclusion criteria applied on the total of 671 consecutive eyes with  
macula-off retinal detachment. 

Reasons for exclusion Total 671 eyes Eyes left 

Follow up < 6 months 11 660 
No exact time of onset of visual field loss 27 633 
Macula detached 355 278 
Macula evaluation not possible 2 276 
Visual acuity measurement not possible 1 275 
Vitreous hemorrhage 11 264 
Amblyopia 3 261 
Retinoschisis 7 254 
Prior or coexistent ocular disease or surgery 26 228 
Trauma 4 224 
Pre operative VA < 80/100* 117 107 

* Eyes with preoperative visual acuity of less than 80/100 were excluded to rule 
out patients with shallow macular detachment, severe cataract, macular prob-
lems, dense vitreous floaters or any other coexistent unknown ocular disease that 
may compromise visual outcome. 

Anatomic result 
All eyes had a complete reattachment of the retina at 6 months after the ini-
tial scleral buckling technique. In total 96 of 107 eyes (89.7%) were repaired 
with the initial scleral buckling surgery. Re-operation was required in 11 
eyes (10.3%). Eight patients (72.7%) were treated with a vitrectomy, mem-
brane peeling, and oil-gas exchange after developing a re-detachment due to 
PVR. The remaining 3 of these 11 patients (27.3%) were treated with a 
vitrectomy due to persistent subretinal fluid or re-detachment not due to 
PVR (Table 2). 

Table 2. Re-detachment after initial scleral buckling procedure versus follow-up 
period (3 and 6 months postoperatively). 

 At 3 months At 6 months 
  n = 107* n = 107* 

repaired with initial SB* 94.4% 89.7% 
re-detachment due to PVR* 4.7% 7.5% 
re-detachment not due to PVR* 0.9% 2.8% 

* n = number of eyes; PVR = proliferative vitreoretinopathy; 
 SB = scleral buckling procedure 
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A stepwise forward multiple logistic regression analysis was used to analyze 
the possible predictive value of various preoperative and intraoperative clini-
cal variables on the occurrence of a re-detachment within 6 months after ini-
tial scleral buckling surgery. Of all preoperative and intraoperative clinical 
variables, which were evaluated to assess their association with a recurrent 
RRD only reported duration of visual field loss before surgery was found to 
be statistically significant (P = .014) (Table 3). None of the other variables 
tested (age, gender, diabetes, pre-operative visual acuity, number of quad-
rants detached, number of retinal breaks, extent of detachment, lens status 
(pseudophakic vs phakic), preoperative PVR, high myopia or cryotherapy 
during surgery) were found to be statistically significant risk factors for a re-
detachment (Table 3). 

Table 3. Predictive value of various preoperative clinical variables on the occur-
rence of a re-detachment within 6 months after initial scleral buckling surgery and 
worse visual acuity at 6 months post operatively (using multiple logistic regression 
analysis). 

  Occurance of Worse visual 
 re-detachment acuity 
Clinical variables P value P value 

Age  n.s.  n.s 
Gender  n.s.  n.s 
Diabetes  n.s.  n.s 
Pseudophakic eye  n.s.  n.s 
Myopia > 5 dpt  n.s.  n.s 
Visual acuity preoperative   n.s.  n.s 
Reported days of visual field loss  0.014  n.s 
Number of breaks  n.s.  n.s 
Cumulative size of the breaks  n.s.  n.s 
Extent of detachment  n.s.  n.s 
PVR* A (preoperative)  n.s.  n.s 
PVR* B/C (preoperative)  n.s.  0.033 
Re-detachment within 6 months    < .001 

* PVR = proliferative vitreoretinopathy; n.s. =  not significant 

The mean duration of visual field loss before the initial scleral buckling sur-
gery for patients with a re-detachment within 6 months (30.3 days) was sig-
nificantly longer compared to patients without a re-detachment (7.7 days) 
(P < .05). 



Chapter III 

–  44  – 

Visual results 
Considering all eyes, preoperative visual acuity ranged from 20/20 tot 
80/100, with a mean of 85/100 (0.067±0.043 logMAR unit). Postoperative 
visual acuity at 6 months ranged form 20/20 to light perception, with a mean 
visual acuity between 20/40 - 30/50 (0.26±0.38 logMAR unit) for all eyes. 
Looking only at eyes with primary success (N = 96), the mean visual acuity 
at 6 months postoperative for was between 20/30 - 80/100 (0.18±0.20  
logMAR unit). 

Of all clinical variables, which were evaluated to assess their association 
with a worse postoperative visual outcome using stepwise forward multiple 
logistic regression analysis a re-detachment (P < .001) and the presence of 
PVR (P = .033) was found to be statistically significant when analyzing all 
eyes (N = 107). None of the other variables tested (age, gender, diabetes, 
pre-operative visual acuity, number of quadrants detached, extent of detach-
ment, number of retinal breaks, lens status (pseudophakic vs phakic), high 
myopia, duration of retinal detachment or cryotherapy during surgery) were 
significantly correlated with a worse visual outcome (Table 3). 

When only analyzing eyes with primary success (N = 96), 29.1% (28 pa-
tients) ended up with a loss of Snellen visual acuity of more than 2 lines at 6 
months postoperatively compared to their preoperative visual acuity. Con-
sidering all eyes (N = 107), 32.7% (35 patients) had a more than 2 lines loss 
of Snellen acuity 6 months after surgery compared to their preoperative vis-
ual acuity. Five eyes of the total patient group (N = 107) (4.7 %) had a visual 
acuity of ≤ 20/200 at 6 months after surgery (Table 4). 

Table 4. Causes of postoperative visual acuity of ≤ 20/200, 6 months after scleral 
buckling surgery 

Cause Number of patients 

Re-detachment due to PVR* 4 
Re-detachment without PVR* 1 

* n = number of eyes; PVR = proliferative vitreoretinopathy 

DISCUSSION 

Our results show that in patients with a retinal detachment without macular 
involvement a longer reported duration of visual field loss before surgery is 
a statistically significant risk factor associated with a recurrent RRD. We 
found that the presence of preoperative PVR had a significantly negative in-
fluence on postoperative visual outcome. Although both the preoperative 
visual acuity and the postoperative visual acuity of macula-on retinal de-
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tachments are usually good, postoperative visual acuity may occasionally be 
disappointing. Ho et al. showed that most macula-on retinal detachments do 
not show rapid progression and thus do not necessarily require immediate 
surgical treatment.5 Knowing the risk factors associated with re-detachment 
and/or a worse visual outcome after macula-on scleral buckling surgery can 
be useful to identify those patients that would benefit from earlier scleral 
buckling surgery. 

Our results showed that reported duration of visual field loss is a significant 
risk factor associated with re-detachment after macula-on RRD surgery. In 
macula-off RRD, Hassan et al. were not able to show a similar significant 
effect of duration of macular detachment on final anatomic reattachment.6 
Grizzard et al. found preoperatively early (< C1) or advanced (≥ C1) PVR 
and duration of macular detachment to be significant variables to predict 
failure of successful retinal reattachment.7 However, also this study is not 
comparable to ours as in this study, patients with and without macular in-
volvement were included.7 

Our results show that when using a stepwise forward multiple logistic re-
gression analysis the reported duration of visual field loss is a significant risk 
factor associated with re-detachment after macula-on RRD surgery while 
preoperative PVR is not. However, using an univariate analysis preoperative 
PVR is significantly correlated with the occurrence of a re-detachment 
which is in accordance with previous findings.8 The reason for this differ-
ence may be the correlation between the duration of visual field loss and the 
presence of preoperative PVR that make the effect of preoperative PVR on 
getting a retinal re-detachment fade away when doing a stepwise forward 
multiple logistic regression analysis using duration of visual field loss as a 
co-factor. 

Our results show that 29% of the patients, had visual acuity loss of more 
than 2 lines on the Snellen chart 6 months after a successfully repaired mac-
ula-on retinal detachment. This number is higher than the 10 - 15% reported 
earlier, but this may be partly due to the strict inclusion criteria of permitting 
only eyes with a pre-operative visual acuity of ≥ 80/100 into the study. There 
might also be a difference in the postoperative follow up period and defini-
tion of decreased visual acuity.1 Our results are in agreement with the results 
of Wolfensberger et al., who found that even in the absence of clinically de-
tectable complications like cystoid macular edema or epiretinal membranes, 
an unexplained decreased final postoperative visual acuity can occur after 
retinal detachment surgery.9 Recent studies have demonstrated that, even in 
macula-on RRD, photoreceptor atrophy and loss may be responsible for the 
reduced visual acuity seen in patients after anatomically successful repaired 
RRD. Schocket et al. showed that patients with retinal detachments not in-
volving the macula had similar abnormalities on ultra-high resolution (UHR) 
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OCT as patients with macular detachment, like distortion of the photorecep-
tor inner/outer segments junction.9 This indicates that an attached macula 
does not necessarily mean that macular photoreceptors are uninvolved,10 and 
these OCT findings may explain the occasionally disappointing postopera-
tive visual acuity after macula-on RRD. Also postoperative sub-foveal fluid, 
undetectable by both biomicroscopy and fluorescein angiography, was dem-
onstrated in macula-on RRDs after a successful scleral buckling procedure.11 
The presence of subfoveal fluid found in these patients coincided with a de-
crease in visual acuity.9,11 

We found that the group with final visual acuity of ≤ 20/200 consisted of 5 
(4.7 %) patients. This number is lower compared to the number found by 
Salicone et al. (17%). However, we measured final visual acuity at 6 months 
after surgery where they measured final visual acuity 2 months postopera-
tively.12 This may explain the high number of patients with final visual acu-
ity of ≤ 20/200 after surgery, because at 2 months after surgery the visual 
acuity is still improving. 

Although the status of the macula is proven to be important in visual out-
come after RRD surgery, many authors did not distinguish between cases in 
which the macula was detached and those in which the macula was not in-
volved.7 Not much literature has been published solely on macula-on RRD, 
as most papers who do differentiate between cases in which the macula was 
detached and those in which the macula was spared, are dealing with mac-
ula-off RRD.6,12,13 

This study is retrospective and nonrandomized. We did not use OCT to con-
firm biomicroscopy and to make sure that the macula was indeed unin-
volved. We did however only include patients with visual acuity of ≥ 80/100 
to be sure no patients with shallow macular detachment were included. De-
termination of duration of retinal detachment was uncontrolled and depend-
ent on the reliability and precision of the patient’s memory. Detection of pe-
ripheral visual field loss is even more dependent on patients attentiveness 
compared to detection of macular detachment which is accompanied by an 
acute drop in visual acuity. This may be illustrated by our finding that in pa-
tients who suffered earlier from a RRD in the fellow eye the mean duration 
of visual field loss is 3 days, compared to over 16 days for the whole patient 
group. 

In conclusion, in RRD without macular involvement the presence of preop-
erative PVR is an indicators for a low visual outcome after retinal detach-
ment surgery. A longer reported duration of visual field loss before the 
scleral buckling procedure increases the chance of a retinal re-detachment 
after surgery. 
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ABSTRACT 

Experimental models have implicated glutamate in the irreversible damage 
to retinal cells following retinal detachment. In this retrospective study we 
investigated a possible role for glutamate and other amino acid neurotrans-
mitters during clinical rhegmatogenous retinal detachment. Undiluted vitre-
ous samples were obtained from 176 patients undergoing pars plana vitrec-
tomy. The study group consisted of 114 patients (114 eyes) with a rhegma-
togenous retinal detachment. Controls included 52 eyes with an idiopathic 
macular hole or idiopathic epiretinal membrane and 10 eyes with a traction 
retinal detachment due to proliferative diabetic retinopathy. Vitreous concen-
trations of glutamate, gamma-aminobutyric acid (GABA), taurine, glycine, 
and aspartate were determined by high-pressure liquid chromatography 
(HPLC). Multivariate analysis was used to examine a possible association 
between amino acid neurotransmitter levels and several clinical variables in-
cluding visual acuity. The mean vitreous concentration of glutamate in eyes 
with a rhegmatogenous retinal detachment (16.6±5.6 µM) was significantly 
higher as compared to the controls (13.1±5.2 µM) (P = 0.001). Taurine lev-
els were also increased in rhegmatogenous retinal detachment, whereas no 
significant difference could be observed in glycine, aspartate and gamma-
aminobutyric acid levels when comparing rhegmatogenous retinal detach-
ment with controls. A correlation was found between increased vitreous glu-
tamate and a lower pre-operative visual acuity. No association was, however, 
observed between post-operative visual acuity and the level of any of the 
five amino acid neurotranmitters. Using visual acuity as a functional parame-
ter in this study, we could not demonstrate a correlation between vitreous 
glutamate, or any of the other tested amino acid neurotransmitters and visual 
outcome. 

INTRODUCTION 

Glutamate is an excitatory neurotransmitter in the retina, which after its re-
lease from neurons is cleared from the extracellular environment via uptake 
by Müller cells. Müller cells subsequently transform glutamate into gluta-
mine by the enzyme glutamine synthetase (GS). Ischemia of the retina leads 
to changes in the localization of the retinal amino acid neurotransmitters glu-
tamate and gamma-aminobutyric acid (GABA) as well as to accumulation of 
glutamate and GABA in Müller cells.1,2 Glutamate toxicity is considered to 
be caused by an excessive activation of N-methyl-D-aspartatic acid (NMDA) 
glutamate receptors, leading to an increased calcium influx, finally resulting 
in cell death.3 

In cat eyes with experimental retinal detachment, a marked decrease in the 
expression of glutamine synthetase (GS) activity has been found, suggesting 
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that the clearance capacity of glutamate by Müller cells may be lost after 
retinal detachment.4 Also, there is evidence for large shifts in intracellular 
glutamate concentrations in the retina following experimental retinal de-
tachment.5 Furthermore, in experimental intervention studies, it has been 
shown that glutamate receptor antagonists were able to decrease retinal dam-
age after experimentally induced retinal ischemia.6-8 

Experiments detecting changes in neurotransmitter levels after retinal de-
tachment have mostly been performed in animal models. The role of neuro-
transmitters in human retinal detachment is not yet known and determining 
their role was therefore the purpose of our study. Since it is not possible to 
collect retinal samples from patients we decided to study the level of gluta-
mate in vitreous. To address this issue, vitreous fluid was obtained from reti-
nal detachment patients undergoing a vitrectomy. Using high-performance 
liquid chromatography (HPLC), we determined vitreous fluid levels of all 
five amino acid neurotransmitters that are known in the central nervous sys-
tem (glutamate, GABA, aspartate, glycine, and taurine). Glutamate, GABA, 
and glycine also act as neurotransmitters in the mammalian retina, but there 
is scant evidence for a retinal transmitter function for aspartate and taurine.9 

Previous research has shown higher glutamate levels in vitreous fluid of pa-
tients with proliferative diabetic retinopathy (PDR) without detachment.10 
Therefore, we included eyes with proliferative diabetic retinopathy as a posi-
tive control. 

We found increased levels of glutamate and taurine in eyes with rhegmato-
genous retinal detachment (RRD). To examine a role for these amino acids 
in retinal cell damage, visual acuity was used as a functional parameter. We 
could however not demonstrate a correlation between vitreous glutamate, 
nor any of the other tested amino acid neurotransmitters and visual outcome. 

METHODS 

Patients 
In a prospective study, vitreous fluid samples were collected from patients 
with RRD. All patients were operated in our department between May 1999 
and January 2003 with a vitrectomy. Eyes with uveitis, trauma or vitreous 
hemorrhage were excluded. Only patients with a minimum follow-up of 
three months were included in the analysis. We operate eyes with a RRD 
with up to proliferative vitreoretinopathy (PVR) grade C1 with a conven-
tional scleral buckling technique. Eyes with PVR grade C2 and higher are 
operated on with a primary vitrectomy, as described earlier.11 Vitreous sam-
ples from patients with idiopathic macular hole or idiopathic epiretinal 
membranes were used as controls. We also collected vitreous fluid from eyes 
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with a traction retinal detachment due to PDR. The study was performed 
with the agreement of the institutional ethics committee; all patients gave 
their informed consent prior to inclusion in the study and after the nature of 
the study was explained. The study was conducted in accordance with the 
ethical standards laid down in the 1964 Declaration of Helsinki. 

The following pre-operative clinical characteristics of the study patients 
were collected for statistical analysis: age, sex, eye affected, the number of 
detached quadrants of the retina, whether or not the central area of the mac-
ula (foveal region) was involved in the detachment, pre-operative corrected 
visual acuity, intraocular pressure (IOP), whether the patients used anti-
glaucoma medication and the number of anti-glaucoma medications, whether 
the patient had diabetes mellitus, the number of prior eye operations, includ-
ing cataract surgery, scleral buckling, prior endolaser or cryocoagulation, 
and follow-up time. By carefully questioning the patient, the approximate 
length of time between the occurrence of the retinal detachment and time of 
sampling was established. The following variables related to the vitrectomy 
were collected: whether intraocular endotamponade was necessary with oil 
or gas and whether or not a re-detachment occurred. At final follow-up we 
recorded visual acuity and the anatomic result. 

Sample collection 
Undiluted vitrectomy samples (approximately 0.5 ml) were obtained by a 
conventional three- port closed vitrectomy technique by manual suction at 
the beginning of the vitrectomy, before opening the infusion line of Bal-
anced Salt Solution (BSS, Alcon Laboratories, Texas, USA), as described 
earlier.12 The samples were transferred to Eppendorf tubes and stored at  
-80EC until the time of amino acid analysis. 

Amino acid analysis 
Amino acid analysis of vitreous fluid was performed using high-performance 
liquid chromatography (HPLC), as described earlier.13 Vitreous analysis was 
performed in a masked fashion, using only the sample number without the 
technician knowing the clinical history of the patient. 

The following five amino acid neurotransmitters were analyzed: aspartate, 
GABA, glutamate, glycine, and taurine. Amino acid analysis was performed 
following precolumn derivatization with o-phthaldehyde (OPA). Samples 
(50 µl) were first centrifuged at 50.000 x g. Next, 4 µl supernatant was pipet-
ted into a glass 300 µl insert, containing 194 µl water and 2 µl norvaline so-
lution (500 µmol/l; used as an internal standard). From this mixture, 5 µl was 
mixed automatically with 5 µl of OPA reagent, incubated for 2 min and in-
jected onto a 150 x 4.6 mm (i.d.) column filled with Allsphere 3 µm 
(Alltech, Breda, Netherlands) using a WISP 715 sample processor (Waters, 
Etten-Leur, Netherlands). Amino acid derivatives were eluted using 25 
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mmol/l citric acid buffer pH 6.8 containing 3% tetrahydrofuran as starting 
solvent, followed by gradient elution using a linear addition to 100% of sol-
vent B (same buffer, now containing 40% acetonitril and 5% tetrahydrofu-
ran) within 30 min. Fluorescence was monitored with a Jasco Model 820FP 
fluorescence detector (B&L systems, Zoetermeer, Netherlands). Besides an 
external standard, norvaline was used as an internal standard. Measurements 
were made at an excitation wavelength of 335 nm and an emission wave-
length of 440 nm. Data were collected on-line and processed using Turbo-
chrom software (Perkin-Elmer, Oosterhout, Netherlands). 

Statistical analysis 
For statistical analysis, we consulted a professional statistician at our Uni-
versity Hospital (AGH Kessels, co-author). 

Levels of all amino acid neurotransmitters were compared between groups 
using Student’s t-test. Because the GABA concentration was skewed, the 
statistics for GABA were performed after a log transformation. Comparisons 
for sex, glaucoma and prior eye surgery between patients with RRD and con-
trols were performed using the Chi-Square test. The Pearson correlation test 
was used to test the association between the vitreous concentration of the 
five amino acid neurotransmitters and age, intraocular pressure, the number 
of quadrants the retina was detached, whether the patient had diabetes melli-
tus, the number of prior eye operations, including cataract surgery, scleral 
buckling, prior endolaser or cryocoagulation, the approximate length of time 
between occurrence of retinal detachment and time of sampling, whether a 
re-detachment occurred, and the anatomic result. The Bonferroni-Hochberg 
correction for multiple comparisons was applied in all tests.14 

For statistical analysis, Snellen visual acuities were converted to a logarith-
mic scale (LogMAR, i.e. the logarithm of the minimal angle of resolution), 
as described earlier.15 The association between the levels of the various 
amino acid neurotransmitters, and pre-operative visual acuity was investi-
gated with a multiple linear regression analysis using the status of the mac-
ula as co-variable. The association between the levels of the various amino 
acid neurotransmitters, and final postoperative visual acuity was investigated 
with a multiple linear regression analysis using the pre-operative visual acu-
ity as co-variable. Secondly, these associations were investigated with a mul-
tivariate linear regression model adjusting for nine variables: pre-operative 
visual acuity, diabetes, glaucoma, prior scleral buckling, prior endolaser, 
prior cryocoagulation, duration of detachment, status of the macula and 
number of quadrants of retinal detachment. 
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RESULTS 

Vitreous fluid samples were collected from 114 eyes (114 patients) with 
RRD. The mean age was 58 years (SD±15 years). Mean follow-up time was 
23 months (SD±13 months). The mean duration of retinal detachment was 
44 days (ranged from 1 to 365 days; Table 1). The control group consisted of 
52 patients with an epiretinal membrane or macular hole. The mean age in 
this group was 68 years (SD±8 years). In addition, vitreous samples were ob-
tained from a third patient group of 10 patients with traction retinal detach-
ment due to PDR. The mean age in this third group was 52 years (SD±14 
years). No significant differences were found between the age of patients 
and controls. 

Table 1. Basic Clinical and Ocular Characteristics 

 RRD (n=114) Controls (n=52) PDR (n=10) 

Age (years)a 58.2±15.1 66.2±8.1 51.3±14.0 
Maleb 69 (61%) 26 (50%) 5 (50%) 
Femaleb 45 (39%) 26 (50%) 5 (50%) 
Right eyeb 61 (54%) 29 (56%) 5 (50%) 
Left eyeb 51 (46%) 23 (44%) 5 (50%) 
IOP (mmHg)a 14.5±5.7 16.9±5.9 12.7±5.1 
Diabetesb 3 (3%) 3 (6%) 10 (100%) 
Glaucomab 7 (6%) 4 (8%) 0 
Aphakicb 6 (5%) 1 (2%) 0 
Pseudophakicb 31 (27%) 12 (23%) 0 
Prior scleral bucklingb 62 (54%) 3 (6%) 0 
Prior endolaserb 32 (28%) 11 (21%) 7 (70%) 
Prior cryocoagulationb 41 (36%) 3 (6%) 0 
Duration of detachment (days)a 43.6±72.1   
Macular detachmentb 70 (61%)   
Number of quadrants of retinal 
detachmenta 2.6±1.1   

Re-detachmentb 37 (33%)   
Pre-operative visual acuityad 1.7±0.9   
Post-operative visual acuityad 1.4±1.0   
Duration of follow-up (months)a 22.9±13.0 16.6±14.1 18.0±9.6 

a Numbers are noted in mean±SD (standard deviation). 
b Number (percentage). 
c RRD Rhegmatogenous Retinal Detachment. PDR Proliferative Diabetic Reti-

nopathy. 
d Snellen visual acuities were converted to a logarithmic scale (LogMAR, i.e. the 

logarithm of the minimal angle of resolution). 



 

 

 
 
 

Table 2. Vitreous Amino Acid Concentration (µM). 

 Controls 
(n = 52) 

Eyes with RRDb 
(n = 114) 

P Value P Valuea Eyes with PDRb 
(n = 10) 

P Value P Valuea 

Aspartate 6.6±2.5 6.7±2.8 .795 >.99 8.9±3.4 .053 .265 
Glutamate 13.1±5.2 16.6±5.6 .001 .001 19.5±6.5 .001 .001 
Glycine 49.4±36.3 42.5±32.0 .223 >.99 67.5±23.1 .135 >.99 
Taurine 22.6±6.6 26.0±7.8 .008 .040 28.1±11.0 .154 >.99 
GABA 2.0±0.5 1.9±0.5 .819 >.99 2.1±0.4 .900 >.99 

a After Bonferroni-Hochberg correction for multiple comparions. 
b RRD Rhegmatogenous Retinal Detachment. PDR Proliferative Diabetic Retinopathy. 
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Baseline clinical characteristics of all three groups are summarized in table 
1. The mean level of glutamate in vitreous of eyes with RRD was 16.6±5.6 
µM, which was significantly higher than in the control group (13.1±5.2 µM; 
P = 0.001; Table 2). The mean vitreous concentration of taurine in eyes with 
RRD was 26.0±7.8 µM and was also significantly higher than in the control 
group (22.6±6.6 µM: P = 0.04). The mean GABA concentration in the vitre-
ous fluid samples of RRD patients (1.9±0.5 µM) was not significantly dif-
ferent compared to controls (2.0±0.5 µM; P = 0.82; Table 2). The mean con-
centration of the other two neurotransmitters, glycine and aspartate also did 
not differ significantly between patients with RRD and controls. 

The mean level of glutamate in the vitreous fluid of eyes with traction retinal 
detachment due to PDR was 19.5±6.5 µM, which was significantly higher 
than in the control group (13.1±5.2 µM; P = 0.001; Table 2). No significant 
difference for glutamate was found between eyes with RRD and PDR. The 
mean concentration of the other neurotransmitters, GABA, glycine, taurine 
and aspartate did not differ significantly between the PDR group and con-
trols (Table 2). 

In the control group, we found no statistically significant difference in the 
vitreous concentrations of all five amino acid neurotransmitters between pa-
tients with a macular hole and patients with an epiretinal membrane. Of all 
clinical variables, such as prior scleral buckling, prior endolaser, prior cryo-
coagulation, duration of detachment, status of the macula and number of 
quadrants and retinal detachment, analyzed in the present study, none did 
significantly correlate with the concentration of any of the amino acid neuro-
transmitters, except for glutamate. There we found a significant correlation 
between a higher vitreous glutamate concentration and a lower pre-operative 
visual acuity (P = 0.039) in patients with RRD, using the status of the mac-
ula as co-variable. No significant correlation was found between any of the 
five amino acid neurotransmitter levels, taken at the time of retinal detach-
ment and post-operative visual acuity recorded at final follow up in patients 
with RRD after using multivariate analysis. Finally, of the clinical variables, 
only pre-operative visual acuity was associated with final visual outcome. 

DISCUSSION 

In this study we report a significantly elevated concentration of glutamate in 
the vitreous of eyes with RRD compared to controls. Similar to RRD, gluta-
mate levels in eyes with a traction retinal detachment due to PDR were also 
significantly higher than controls. This latter observation confirms an earlier 
study, in which also raised glutamate levels were detected in the vitreous of 
eyes with PDR as compared to controls.10 
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Glutamate is the primary excitatory amino acid neurotransmitter within the 
retina, and excessive levels of glutamate can cause excitotoxicity. This may, 
at least in part, be due to excessive activation of NMDA-type glutamate re-
ceptors and hence excessive Ca2+ influx through the receptor’s associated ion 
channel.3 After its release from neurons glutamate is cleared from the extra 
cellular environment via uptake by Müller cells. In these Müller cells, high-
affinity glutamate transporters, like GLAST are believed to be essential for 
terminating synaptic transmission and for keeping the extracellular gluta-
mate concentration below neurotoxic levels.16,17 Excessive glutamate levels 
can cause neurotoxicity via overproduction of nitric oxide (NO) which leads 
to toxic free radical formation. This produces cell death by causing DNA 
damage and decreased energy production by inhibition of mitochondrial 
function.18 

The increased level of glutamate in the vitreous of eyes with clinical retinal 
detachment as shown in the current study is consistent with earlier experi-
mental findings in cat eyes.19 In this cat study, the glutamate content of 
Müller cells was found to be increased and even remained elevated for many 
weeks after experimental retinal detachment. Other animal studies have pro-
vided evidence that extracellular glutamate can cause retinal ganglion cell 
death.20 In a clinical setting, retinal ganglion cell damage may be demon-
strated by decreased visual acuity, or preferably by visual field loss. Because 
the current study was performed retrospectively and visual field testing is not 
a routine procedure in patients with RRD, we used visual acuity as a func-
tional parameter. We also analyzed various other clinical variables to detect 
a possible association with neurotransmitter level. Although we found a cor-
relation between higher vitreous glutamate levels and a lower pre-operative 
visual acuity, we were not able to demonstrate an association between any of 
the tested amino acid neurotransmitters and postoperative visual acuity. 

Similar to glutamate, we found a significantly higher concentration of 
taurine in eyes with a RRD compared to control eyes. These findings partly 
reflect results of the cat study by Marc et al. in which the authors found a su-
pernormal restoration of taurine levels in Müller cells after an initial decline, 
in eyes with a retinal detachment.19 

Ischemia has been shown to induce a glutamate-mediated release of GABA 
from amacrine cells in the rabbit retina.17,21 In the current study, RRD was 
not found to be associated with a significant difference in vitreous GABA 
concentrations compared to controls. This finding suggests that the gluta-
mate-mediated release of GABA from amacrine cells is not altered after 
RRD. Glutamate acts as a precursor for GABA. After the glutamate trans-
porter has taken up glutamate in the glial cells the enzyme glutamic acid de-
carboxylase (GAD) catalyzes the decarboxylation of glutamic acid to form 
GABA. The glutamate transporter needs ATP and therefore oxygen or glu-
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cose availability. A possible explanation as to why vitreous GABA levels 
not to increase in patients with retinal detachment could be the lack of ATP 
in the Müller cells, due to the hypoxia in the detached retina. This may lead 
to an extracellular glutamate accumulation and less conversion of glutamate 
to GABA. 

Eyes with a traction retinal detachment due to PDR also did not have a sig-
nificantly higher level of GABA in their vitreous compared to controls. This 
latter finding however is in contrast with a previous study in which the au-
thors reported a significantly elevated level of GABA in the vitreous of pa-
tients compared to controls.10 In this study 22 eyes were included with PDR, 
but these eyes did not have traction retinal detachment which was the main 
difference with the current study.10 

In contrast with the current study, the study by Asensio Sanchez et al., re-
ported no significant differences in the glutamate or taurine levels between 
patient groups with RRD or macular hole. These authors however, included 
only a small number of patients with a macular hole (n = 5), as compared to 
the current study, in which 25 eyes with macular hole were investigated.22 
Furthermore, the vitreous amino acid levels of our patient and control group 
were two to three times higher than vitreous amino acid levels reported ear-
lier by Honkanen et al. and Sanchez et al., but were comparable to the levels 
found by Dreyer et al.22-24 It should be noted that, in the study reported by 
Dreyer et al. patients with cataract were used as controls, whereas we used 
patients with idiopathic macular holes or idiopathic epiretinal membranes as 
controls. Variation in the vitreous glutamate concentration between this 
study and the current study may be explained by differences in sample col-
lection or in HPLC technique. In the study of Honkanen et al. samples were 
centrifuged before they were stored, while the samples in the current study 
and in the study by Dreyer et al. were centrifuged after thawing just before 
HPLC analysis. Cells that may be present in the vitreous fluid samples may 
release intracellular glutamate during freezing and thawing prior to centrifu-
gation. 

Our patient group included eleven patients with glaucoma, seven patients 
with RRD and four eyes with a macular hole. Since it was shown that glau-
coma might be associated with higher levels of vitreous glutamate,24 we also 
investigated whether these patients had a significantly higher level of gluta-
mate in their vitreous fluid. We could not detect any differences, which was 
consistent with previous findings (Honkanen et al., 2003).23 Moreover, ex-
cluding these eyes did not significantly alter the difference in glutamate con-
centration between patient eyes and control eyes (16.5±5.6 vs 13.2±5.3 µM, 
patients with RRD vs controls). 
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In conclusion, in this clinical study we found a significantly elevated con-
centration of glutamate and taurine in the vitreous of eyes with retinal de-
tachment, which confirms earlier experimental retinal detachment studies in 
the cat.19 Although we found a correlation between higher vitreous glutamate 
levels and a lower pre-operative visual acuity, we were not able to demon-
strate an association between any of the tested amino acid neurotransmitters 
and postoperative visual acuity. 
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ABSTRACT 

Nitric oxide (NO) plays a significant role in physiological and pathological 
processes in the retina. In the L-arginine-NO pathway, NO synthase (NOS) 
converts L-arginine to NO and L-citrulline. Increased NO production, medi-
ated by inducible NOS has been implicated in the pathogenesis of various 
vitreoretinal diseases. In the present study it is hypothesized that in rhegma-
togenous retinal detachment, the production of NO pathway metabolites 
might be upregulated. Using high-pressure liquid chromatography citrulline, 
arginine and nitrite were measured in vitreous fluid of 93 eyes with rhegma-
togenous retinal detachment, 9 eyes with a traction retinal detachment due to 
proliferative diabetic retinopathy, and in 49 control samples of vitreous fluid 
from eyes without retinal detachment. The mean vitreous concentrations of 
citrulline and arginine were significantly increased in eyes with rhegmatoge-
nous retinal detachment (9.6±4.3 and 97.3±29.2; respectively) or in eyes 
with a traction retinal detachment (25.8±10.3 and 130.7±23.7; respectively) 
as compared to control eyes (7.1±3.2 and 75.9±18.1; respectively). The 
mean level of nitrite was also higher in vitreous fluid of patients with RRD 
(2.24±1.4) or patients with a traction retinal detachment (2.21±0.72) than in 
the controls (2.01±0.72), although not significantly so. We found increased 
levels of NO pathway metabolites in the vitreous fluid of eyes with retinal 
detachment, which may reflect a possible role of NO in the pathogenesis of 
this disease. 

INTRODUCTION 

Nitric oxide (NO) is an important mediator of homeostatic processes in the 
eye, such as regulation of aqueous humour dynamics, retinal neurotransmis-
sion and phototransduction.1 NO is produced when the semi-essential amino 
acid L-arginine is converted to L-citrulline and NO by the family of nitric 
oxide synthase (NOS) enzymes.2 NO then diffuses into nearby target cells to 
elevate cyclic GMP levels and thereby triggers different cell functions. 

NOS exists in three major isoforms: neuronal, endothelial and inducible 
NOS. In the retina, neuronal NOS is thought to be responsible for producing 
NO in photoreceptors and bipolar cells, whereas inducible NOS, is found in 
Müller cells and in the retinal pigment epithelial (RPE) cell layer.3,4 

Excess NO may lead to toxic free radical formation, which produces cell 
death by causing DNA damage. It may also cause decreased energy produc-
tion by inhibition of mitochondrial function.5 Inducible NOS is activated by 
endotoxin and cytokines, while neuronal and endothelial NOS can be acti-
vated by glutamate and vasodilatators.1 Overproduction of NO may occur 
when glutamate is generated in excess or when the glutamate re-uptake is 
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ineffective, as may happen in ischemia. Once glutamate is released, it binds 
to NMDA receptors, increasing the intracellular calcium concentration and 
stimulating NOS to produce NO.6 

Thus, excessive glutamate release can cause neurotoxicity via overproduc-
tion of NO.5 High levels of NO have been implicated in the pathogenesis of 
a variety of disorders, including glaucoma, proliferative diabetic retinopathy, 
cataract and uveitis.7-10 However no clinical study has been done previously 
to investigate whether NO is also involved during retinal detachment. 

In a previous study we found retinal detachment to be associated with in-
creased levels of vitreous glutamate. In the current study our objective was 
to find out, whether retinal detachment also leads to a local increased NO 
production and changes in the concentrations of arginine and citrulline. Vit-
reous levels of citrulline, arginine and nitrite, the stable product of NO, were 
measured using the highly selective high-pressure liquid chromatography 
(HPLC) fluorescence method. Elevated concentrations of arginine, citrulline 
and nitrite were observed in the vitreous fluid of eyes following retinal de-
tachment. 

MATERIALS AND METHODS 

Patients 
In a prospective study, vitreous fluid samples were collected from patients 
with a rhegmatogenous retinal detachment (RRD) and from eyes with a trac-
tion retinal detachment due to proliferative diabetic retinopathy (PDR). 

All patients were operated on in our department between May 1999 and 
January 2003 with a vitrectomy. Eyes with uveitis, trauma or vitreous haem-
orrhage were excluded. Only patients with a minimum follow-up of three 
months were included in the analysis. We operate on eyes with RRD with up 
to proliferative vitreoretinopathy (PVR) grade C1 with a conventional scleral 
buckling technique. Eyes with PVR grade C2 and higher are operated on 
with a primary vitrectomy, as described earlier.11 Vitreous samples from pa-
tients with macular hole or idiopathic epiretinal membranes were used as 
controls. The study was performed with the agreement of the University 
Hospital ethics committee; all patients gave their informed consent prior to 
inclusion in the study and after the nature of the study had been explained. 
The study adhered to the tenets of the Declaration of Helsinki. 

The following pre-operative clinical characteristics of the study patients 
were collected for statistical analysis: age, sex, eye affected, the number of 
detached quadrants of the retina, whether or not the central area of the mac-
ula (foveal region) was involved in the detachment, pre-operative corrected 
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visual acuity, intraocular pressure (IOP), whether the patients used anti-
glaucoma medication and whether the patient had diabetes mellitus. The 
number of prior eye operations, including cataract surgery, scleral buckling, 
prior endolaser or cryocoagulation, and follow-up time were also registered. 
By carefully questioning the patient, the approximate length of time between 
the occurrence of the RRD and the time of sampling was established. The 
following variables related to the vitrectomy were collected: whether in-
traocular endotamponade with oil or gas was necessary and, whether or not a 
re-detachment occurred. At final follow-up we recorded visual acuity and 
anatomic result. 

Sample collection 
Undiluted vitrectomy samples were obtained by a conventional three- port 
closed vitrectomy technique by manual suction at the beginning of the 
vitrectomy, before opening the infusion line of Balanced Salt Solution (BSS, 
Alcon Laboratories, Texas, USA), as described earlier.12 The samples were 
stored at -80EC until the HPLC analysis. Samples contaminated with blood 
were excluded from the study. The measurements were performed in a 
masked fashion, without the technician knowing the clinical history of the 
patient. 

Amino acid analysis 
Two amino acids, arginine and citrulline, were analysed as described ear-
lier.13 Analysis was performed following precolumn derivatization with  
ophthaldehyde (OPA) [21].13 Samples (50 µl) were centrifuged in a Hereaus 
Biofuge at 50,000 g. Next, 4 µl supernatant was pipetted into a glass 300 µl 
insert, already containing 194 µl water and 2 µl norvaline solution (500 
µmol/l). From this mixture, 5 µl was mixed automatically with 5 µl of OPA 
reagent, incubated for 2 min and injected in a 150 x 4.6 mm (i.d.) column 
filled with Allsphere 3 µm (Alltech, Breda, Netherlands) using a WISP 715 
sample processor (Waters, Etten-Leur, Netherlands). Amino acid derivatives 
were eluted using 25 mmol/l citric acid buffer pH 6.8 containing 3% tetra-
hydrofuran as the starting solvent, followed by gradient elution using a linear 
addition to 100% of solvent B (same buffer, now containing 40% acetonitril 
and 5% tetrahydrofuran) within 30 min. Fluorescence was monitored with a 
Jasco Model 820FP fluorescence detector (B&L systems, Zoetermeer, Neth-
erlands). Measurements were made at an excitation wavelength of 335 nm 
and an emission wavelength of 440 nm. Data were collected on-line and 
processed using Turbochrom software (Perkin-Elmer, Oosterhout, Nether-
lands). 

Nitrite analysis 
The method is based on the automated reaction of NO2- with 2,3-diamino-
naphtalene (DAN) to 1-(H)-naphthatriazole derivative, followed by a re-
versed phase separation with a cycle time (injection to injection) of 20 min. 
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Only a 10µl sample is required, resulting in a linear fluorescence response in 
the range from 0.01-10 µmol/l (R2 = 0.9989). Samples were first centrifuged 
at 11.000 g in a Heraeus Biofuge Stratos (Dijkstra, Amsterdam, Netherlands) 
for 5min at 4°C. Aliquots were frozen immediately in liquid nitrogen and 
stored at -80°C until analysis. Before analysis, samples were deproteinized 
through the addition of acetonitril (100 µl acetonitril for each 50 µl sample) 
in a 1.5 ml vial sealed with a screw cap equipped with a rubber o-ring 
(Sarstedt, Etten-Leur, Netherlands). The resulting samples were centrifuged 
for 10 min at 50.000 g at 4EC using the Biofuge Stratos. Next, 30 µl sample 
supernatant aliquots were filled out into 300 µl spring mounted plastic in-
serts into a Waters model WISP 715 auto sampler. The analysis was initiated 
by the addition of 10µl of a 0.05 mg diaminonaphtalene (DAN) solution in 
1ml HCl 0.6N to the sample vials. After one minute, 10 µl of the reaction 
mix was injected onto a 100 x 4.6 mm (i.d.) column filled with Allsphere 
C18 3µm (Alltech, Breda, Netherlands. The DAN-NO2 peak was chroma-
tographed using a 20 min injection cycle (run to run). At the start of the gra-
dient a 80/20 (v/v) mixture of solvent A (15mmol/l ammonium acetate  
(pH 8.0), containing 20% (v/v) acetonitrile) and solvent B (40-60 (v/v) mix-
ture of the ammonium acetate buffer-acetonitrile) was pumped at a flow rate 
of 1.0 ml/min at room temperature resulting in a system back pressure of 
20.0 MPa. Within 8 min a linear gradient is applied to 100% solvent B in 
which the DAN-NO2 peak elutes after 7.5 min. Hereafter, the column is kept 
at 100% solvent B for 1minute after which initial conditions are restored in 
the following minute. Fluorescence was monitored with a Jasco Model 
820FP fluorescence detector (B&L systems, Zoetermeer, Netherlands). 
Measurements were made at an excitation wavelength of 365 nm and an 
emission wavelength of 405 nm. Data were collected on-line and processed 
using Totalchrom software (Perkin-Elmer, Oosterhout, Netherlands). 

Statistical analysis 
For statistical analysis, we consulted a professional statistician at our Uni-
versity Hospital (AGH Kessels, co-author). 

Levels of all neurotransmitters were compared between groups using Stu-
dent’s t-test. Comparisons for sex, glaucoma and prior eye surgery between 
patients with RRD and controls were performed using the Chi Square test. 
The Pearson correlation test was used to test the association between the vit-
reous concentration of the five neurotransmitters and age, intraocular pres-
sure, the number of quadrants the retina was detached, whether the patient 
had diabetes mellitus, the number of prior eye operations, including cataract 
surgery, scleral buckling, prior endolaser or cryocoagulation, the approxi-
mate length of time between occurrence of retinal detachment and time of 
sampling, whether a re-detachment occurred, and the anatomic result. 
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For statistical analysis, Snellen visual acuities were converted to a logarith-
mic scale (LogMAR, i.e. the logarithm of the minimal angle of resolution), 
as described earlier.14 The association between the levels of the various neu-
rotransmitters, and pre-operative visual acuity was investigated with a multi-
ple linear regression analysis using the status of the macula as co-variable. 
The association between the levels of the various neurotransmitters, and final 
post-operative visual acuity was investigated with a multiple linear regres-
sion analysis using the preoperative visual acuity as co-variable. Finally 
these associations were investigated with a multivariate linear regression 
model adjusting for nine variables: pre-operative visual acuity, diabetes, 
glaucoma, prior scleral buckling, prior endolaser, prior cryocoagulation, du-
ration of detachment, status of the macula and number of quadrants of retinal 
detachment. 

RESULTS 

Vitreous fluid samples were collected from 93 eyes (93 patients, 35 women 
and 58 men) with RRD. The mean age was 58 years (SD±16 years). Mean 
follow-up time was 23 months (SD±13 months). The mean duration of reti-
nal detachment was 44 days (ranging from 1 to 365 days; Table 1). Further-
more, vitreous samples were obtained from patients with traction retinal de-
tachment due to PDR (5 women and 4 men, Table 1). The mean age in this 
patient group was 50 years (SD±5 years). The control group consisted of 49 
patients (25 women and 24 men) with an epiretinal membrane or macular 
hole. The mean age in this group was 69 years (SD±8 years). No significant 
differences were found when comparing patients’ characteristics between 
patients and controls. Baseline clinical characteristics of all three groups are 
summarised in table 1. 

The mean level of citrulline, arginine and nitrite in the vitreous fluid of eyes 
with traction retinal detachment due to PDR (25.8±10.3; 130.7±23.7; 
2.21±1.53; respectively) was significantly higher than in the control patients 
(P =< 0.001; P = 0<001; P = 0.004, respectively; Table 2). 

The mean level of citrulline in vitreous fluid of eyes with RRD was  
9.6±4.3 µM, which was significantly higher than in the control group 
(7.1±3.2 µM; P = 0.034; Table 2). The mean vitreous concentration of argin-
ine in eyes with RRD was 97.3±29.2 µM and was also significantly in-
creased as compared to the control group (75.9±18.1 µM; P = 0.002; Table 
2). The mean concentration of nitrite was elevated in vitreous fluid of RRD 
patients (2.24±1.4) as compared to controls (2.01±0.72) although this was 
not statistically significant (P=0.058). In the control group, we found no sta-
tistically significant difference in the vitreous concentrations of arginine, 
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citrulline and nitrite between patients with a macular hole and patients with 
an epiretinal membrane. 

Table 1. Basic Clinical and Ocular Characteristics 

 RRDc 
(n = 93) 

Controls 
(n = 49) 

PDRc 
(n = 9) 

Age (years)a 58.0±15.7 68.8±7.7 50.0±5.0 
Maleb 58 (62%) 24 (49%) 4 (43%) 
Femaleb 35 (38%) 25 (51%) 5 (57%) 
Right eyeb 47 (51%) 22 (45%) 4 (43%) 
Left eyeb 46 (49%) 27 (55%) 5 (57%) 
IOP (mmHg)a 14.7±5.9 17.1±6.1 13.0±5.2 
Diabetesb 3 (3%) 3 (6%) 9 (100%) 
Glaucomab 7 (8%) 4 (8%) 0 
Aphakicb 6 (6%) 1 (2%) 0 
Pseudophakicb 27 (29%) 11 (22%) 0 
Prior scleral bucklingb 62 (54%) 3 (6%) 0 
Prior endolaserb 26 (28%) 11 (22%) 3 (43%) 
Prior cryocoagulationb 36 (39%) 3 (6%) 0 
Duration of detachment (days)a 43.6±72.1   
Macular detachmentb 61 (66%)   
Number of quadrants of retinal 
detachementa 2.6±1.2   

Pre-operative visual acuitya,d 1.49±0.84   
Post-operative visual acuitya,d 1.28±0.99   
Re-detachmentb 32 (34%)   
Duration of follow-up (months)a 24.3±12.5 16.6±14.1 18.7±10.1 

a Numbers are noted in mean±SD (standard deviation). 
b Number (percentage). 
c RRD Rhegmatogenous Retinal Detachment; PDR traction retinal detachment 

due to Proliferative Diabetic Retinopathy. 
d Snellen visual acuities were converted to a logarithmic scale (LogMAR, i.e. the 

logarithm of the minimal angle of resolution). 

Of all other clinical variables, such as prior scleral buckling, prior endolaser, 
prior cryocoagulation, duration of detachment, status of the macula and 
number of quadrants and retinal detachment, analyzed in the present study, 
none correlated significantly with the concentration of nitrite or arginine. We 
did observe a statistically significant correlation between a high level of vit-
reous citrulline and a lower pre-operative visual acuity in patients with RRD 
(P = 0.027), using the status of the macula as co-variable. Finally, no signifi-
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cant correlation could be found between citrulline, arginine or nitrite and 
post-operative visual acuity, after using multivariate analysis. 

Table 2. Vitreous Amino Acid Concentration (µM). 

 
Controls 

 
(n = 49) 

Eyes with 
RRDb 

(n = 93) 
P valuec 

Eyes with 
PDRb 
(n = 9) 

P valued 

Citrulline 7.1±3.2 9.6±4.3 .034a 25.8±10.3 .001a 

Arginine 75.9±18.1 97.3±29.2 .002a 130.7±23.7 .001a 
Nitrite 2.01±0.72 2.24±1.45 .058 2.21±0.72 .004a 

a Statistically significant, P < 0.05. 
b RRD Rhegmatogenous Retinal Detachment; PDR traction retinal detachment 

due to Proliferative Diabetic Retinopathy. 
c Eyes with RRD compared to controls. 
d Eyes with PDR compared to controls. 

DISCUSSION 

We found significantly increased levels of the NO pathway metabolites ar-
ginine, citrulline and nitrite in the vitreous fluid of eyes with traction retinal 
detachment due to PDR. Elevated NO metabolites were also observed in 
eyes with RRD, but not as striking as in the PDR group. These findings sug-
gest that NO may play a role in the pathogenesis of retinal detachment. 

Only one earlier study reported elevated nitrite levels in the vitreous of eyes 
with traction retinal detachment due to PDR,3 but levels of nitrite in that 
study were not comparable to our data. This may be due to the fact that these 
authors used a spectrophotometric method based on the Griess reaction 
while we used the more sensitive HPLC technique. 

NO is produced by various cell types in the picomolar to nanomolar range, 
and has a very short half-life (t 1/2 < 5 s) in biological fluids. Therefore, it is 
difficult to measure its presence directly. NO2- and NO3-, the stable products 
of NO oxidation, are often analysed instead to estimate the NO level in bio-
logical fluid.2 The fluorometric HPLC method described in the present study 
offers high reproducibility and specificity for measuring picomolar levels of 
NO2-. Also, the sensitivity of this HPLC method for NO2- analysis is greater 
than that of the batch fluorometric method (detection limit, 10-20 mM),  
the Griess colorimetric assay (detection limit 0.1-1 mM), and the HPLC 
methods with UV-VIS or conductimetric detection (detection limit, 0.1-0.5 
mM).15 
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The majority of NO is synthesised by the inducible isoform of NOS (iNOS).1 
It has been shown previously that iNOS is expressed in Müller cells and RPE 
cells after cytokine stimulation.16,17 Since increased levels of cytokines have 
been found in eyes with RRD, it may be postulated that iNOS is upregulated 
by these cytokines, in the detached retina or vitreous fluid of patients with a 
retinal detachment.12,18 This may be an explanation for the increased levels 
of NO pathway metabolites found in the current study. 

NO has many sites of production and actions in the retina, which are both 
physiological and pathophysiological in nature. Earlier studies have shown 
that excess amounts of NO may become damaging to the retina.19,20 NO was 
found to be functionally as well as histologically toxic to the rabbit retina.20 
In addition, it has been demonstrated that NO is able to mediate excitotoxic 
and anoxic damage in retinal ganglion cells.18 The pathological role of NO in 
retinal cell death was supported by the finding that non-specific inhibition of 
NOS might protect the retina from ischemic damage.21 Another pathologic 
mechanism may be that overproduction of NO can cause damage to the ret-
ina by perturbing rod outer segment (ROS) membrane phagocytosis by RPE 
cells.22 This could lead to the accumulation of ROS debris between the pho-
toreceptors and RPE cells, and could ultimately result in photoreceptor de-
generation.22 

Binding of glutamate to the NMDA receptor increases the influx of Ca2+, 
which stimulates NOS to produce NO. The glutamate content of Müller cells 
has been found to be increased and remained elevated for many weeks after 
experimental retinal detachment.23 In an earlier study, we found increased 
levels of glutamate in the vitreous of patients with retinal detachment. Thus, 
increased levels of glutamate might also be responsible for the increased 
level of NO in the vitreous fluid of patients with retinal detachment. 

In conclusion, we found increased levels of the NO pathway metabolites in 
the vitreous fluid of eyes with retinal detachment, which may reflect a possi-
ble role for NO in the pathogenesis of this disease. 
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ABSTRACT 

Cyclic 3’, 5’-guanosine monophosphate (cGMP), a central molecule in the 
phototransduction cascade, is also involved in a number of other physiologi-
cal processes in the retina, like stimulating the absorption of subretinal fluid 
by activating the retinal pigment epithelium (RPE) cell pump. The aim of 
this study was to quantify cGMP synthesis by RPE cells and to investigate 
the role of two separate enzymatic pathways (soluble versus particulate 
guanylyl cyclase) in its production. Cyclic GMP expression was evaluated 
by immunochemistry and radioimmunoassay following culture of the D407 
RPE cell line in the presence of a non-selective phosphodiesterase inhibitor 
(IBMX), in combination with the particulate guanylyl cyclase stimulator 
atrial natriuretic peptide (ANP) or the soluble guanylyl cyclase stimulator 
sodium nitroprusside (SNP). 

Stimulation of the particulate guanylyl cyclase in RPE cells with ANP re-
sulted in high intra- and extracellular cGMP levels. Stimulation of the solu-
ble guanylyl cyclase by SNP resulted in a slight elevation of cGMP levels 
compared to controls. These results show that cultured human RPE cells are 
capable of producing cGMP and that most cGMP is generated following 
stimulation of the particulate guanylyl cyclase pathway. 

INTRODUCTION 

In addition to its role in phototransduction, cyclic 3’, 5’-guanosine mono-
phosphate (cGMP) is involved in many other physiological mechanisms, in 
the retina.1 One important aspect of cGMP in the retina is its stimulating role 
in the absorption of subretinal fluid by activating the RPE pump.2 In the ret-
ina, cGMP gated channels were found in photoreceptors, ganglion cells, bi-
polar cells and Müller cells.3-5 

Two separate classes of enzymes can each catalyze the conversion of GTP 
into cGMP. These enzymes can be classified into either particulate (mem-
brane-bound) or soluble (cytosolic) cyclases based on their general structure 
and cellular distribution. There are several isoforms known of each class. 
Soluble guanylyl cyclase is activated by nitric oxide (NO), and is expressed 
in neurons of the inner retina.6 Increasing tissue levels of NO, by incubation 
with sodium nitroprusside (SNP), results in an increased cGMP immunore-
activity in amacrine, ganglion and bipolar cells.7-10 Particulate guanylyl cy-
clase activity is primarily localized in neurons of the outer retina and is not 
activated by enhanced tissue NO levels.6 Particulate guanylyl cyclases are 
either ligand-activated receptors (e.g. natriuretic factors) or calcium-regula-
ted, integral membrane proteins.11 In turtle retina, stimulation with exoge-
nous natriuretic peptides increased total retinal cGMP levels.7 
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The cellular concentration of cGMP represents the net balance between syn-
thesis by guanylyl cyclases and breakdown into 5’-cGMP by cyclic nucleo-
tide phosphodiesterases (PDEs).12 PDE isoforms have been classified into 
eleven different subfamilies, based on their affinities for cGMP and cAMP, 
and a number of proteomic and genomic characteristics. Cyclic GMP phos-
phodiesterase activities were detected earlier in homogenates of cultured rat 
RPE cells.13 In the retina, PDE6 is present in rods and cones in a high con-
centration and plays an important role in phototransduction.14 Production of 
cGMP can readily be measured in vitro by blocking PDE enzymes with in-
hibitors such as 3-isobutyl-1-methylxanthine (IBMX). 

Retinal pigment epithelial (RPE) cells form a monolayer situated between 
the photoreceptor cell layer and the choroid. RPE cells play an essential role 
in the control of outer retinal homeostasis and in maintaining blood-retinal 
barrier integrity.15 In addition, RPE cells are involved in absorption of 
subretinal fluid,2 which is part of the mechanism keeping the photoreceptor 
layer in close contact with the RPE cells, thus facilitating the exchange of 
nutrients and oxygen. RPE cells play a key role in the pathogenesis of vari-
ous diseases of the retina like proliferative vitreoretinopathy following reti-
nal detachment. 

Newsome et al. showed that the cGMP concentration in RPE cells is two- to 
fourfold higher in the macular region than in more peripheral regions.16 Sev-
eral studies have focused on the role of NO and localization of cGMP in the 
various layers of the retina.7,8,10 However less is known about cGMP synthe-
sis and metabolism in RPE cells and the activation of both the soluble and 
the particulate guanylyl cyclases. Recently we found that retinal detachment 
was associated with a decrease in the cGMP concentration in the subretinal 
fluid as compared to controls.17 The source of cGMP in subretinal fluid is 
unknown, as is the reason for the decrease in cGMP concentration after reti-
nal detachment. We therefore decided to investigate cGMP synthesis in cul-
tured human RPE cells (D407 cell line) following stimulation of either the 
soluble or particulate guanylyl cyclase pathways.18 Our results show that 
cGMP production by RPE cells is most efficiently stimulated via the particu-
late guanylyl cyclase pathway. 

MATERIALS AND METHODS 

Cell Culture 
Human retinal pigment epithelial cells (D407 cell line)19 were suspended in 
Dulbecco’s modified Eagle’s medium (DMEM) containing 5% fetal calf se-
rum, 2 mM glutamine and 100 µg/ml penicillin streptomycin, at a concentra-
tion of 0.5 – 1.0 x 106 viable cells/ml. One ml portions of the suspension 
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were seeded onto 40 mm diameter plastic Petri-dishes and incubated at 37EC 
in a humidified atmosphere of 95% air and 5% CO2 for 48 hours. 

Cyclic GMP Radioimmunoassay (RIA) 
After seeding (0.5 – 1.0 x 106 viable cells/ml) and 48 hour culturing (conflu-
ence), the RPE cells were washed and further incubated in Krebs buffer  
pH 7.4 at 37EC with or without 1.0 mM IBMX for 40 minutes. IBMX was 
added to non-selectively inhibit phosphodiesterases which cause cGMP 
breakdown into 5’-cGMP. The cells were stimulated with 100 µM SNP 
(soluble guanylyl cyclase stimulation) or 0.1 µM atrial natriuretic peptide 
(ANP; particulate guanylyl cyclase stimulation) for the final 10 minutes. 
Thereafter 180 µl of incubation medium was collected and analyzed for 
cGMP content without further purification. Cells were denatured in 5% 
(w/v) ice cold TCA to stop cGMP metabolism in the cells. Cells were de-
tached and homogenized by sonification. After centrifugation for 10 minutes 
(at 17.000 g) at 4EC the supernatant was collected to measure the intracellu-
lar cGMP content and stored at -80EC. The pellet was used for analysis of 
total protein content according to Lowry et al.20 The acidified supernatants 
were extracted with diethylether as described.21 Cyclic GMP content was 
measured in triplicate using a RIA as described earlier and expressed as 
pmol/mg of protein.22 The detection limit for this cGMP assay was 0.12 nM. 

Statistics 
The cGMP radioimmunoassay was repeated 4 times. Within every experi-
ment different incubation conditions were tested twice and all samples were 
measured in triplicate. Cyclic GMP concentrations were compared between 
different incubation groups using one-way ANOVA. The Bonferroni-
Hochberg correction for multiple comparisons was applied in all tests.23 

Immunohistochemistry 
After fixation with 4% freshly depolymerized paraformaldehyde in the cold 
(4EC) the cells were washed 3 x 5 min, twice with Tris-buffered saline 
(TBS) and once with TBS containing 0.3% Triton X-100 (TBS-T). Cells 
were incubated overnight at 4EC with the primary antibodies. Cyclic GMP 
was visualized using sheep anti-formaldehyde-fixed cGMP antiserum diluted 
1:4000 in TBS-T.18 Cells were washed for 15 min with respectively TBS, 
TBS-T and TBS. Then the cells were incubated with Alexa 488 conjugated 
donkey anti-sheep IgG (Molecular Probes) diluted 1:100 in TBS-T for 1.5 
hours at room temperature. Negative controls were processed in exactly the 
same way with the omission of the primary antibody. After three further 
washings with TBS the cells were cover slipped with TBS/glycerol (1:2 v/v). 
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RESULTS 

We studied cGMP production in human RPE cells, following stimulation of 
soluble guanylyl cyclase (by SNP) or particulate guanylyl cyclase (by ANP) 
and simultaneous inhibition of cGMP breakdown by PDE’s using IBMX 
(Table 1). RPE cells were cultured until they formed a confluent monolayer. 
Without stimulation cGMP levels were very low, being just above detection 
levels (Table 1). Blocking phosphodiesterase activity in unstimulated cell 
cultures did not result in a detectable increase in cGMP levels. Addition of 
0.1 µM ANP as a stimulator of particulate guanylyl cyclase in the presence 
of IBMX resulted in a readily detectable level of cGMP in the RPE cultures. 
When calculated in relation to total protein, the relative amount of intracellu-
lar cGMP was much higher than the extracellular level. Culturing RPE cells 
with 100 µM SNP as a stimulator of soluble guanylyl cyclase in the presence 
of IBMX resulted in the appearance of very low levels of cGMP, which were 
not markedly different from the levels seen with IBMX alone. As compared 
to stimulation of the particulate guanylyl cyclase, intracellular levels of 
cGMP were approximately 200 fold lower in confluent RPE cells after 
stimulation of the soluble guanylyl cyclase pathway (P =< .000). 

Table 1. The effect of SNP (100 µM) or ANP (0.1 µM) on extracellular and intra-
cellular cGMP content in confluent RPE cells. Cyclic GMP was assayed following a 
40 minute culture of cells in the presence of various stimuli. 

Treatment n Intracellular Extracellular 

Krebs 4 0.01±0.02 0.16±0.21 
IBMX 4 0.01±0.02 0.10±0.18 
IBMX + SNP 4 0.16±0.42 0.29±0.30 
IBMX + ANP 4 12.60±4.33* 81.59±20.05* 

* P < 0.001 when compared to Krebs, IBMX or IBMX+SNP. 
 n is number of experiments; data are expressed as pmol/mg protein. 

The findings mentioned above could be confirmed using immunohistochem-
istry (Figure 1). Stronger intracellular cGMP staining was observed when 
stimulating the particulate guanylyl cyclase as compared to the soluble 
guanylyl cyclase pathway. Using immunohistochemistry we did observe a 
stronger intracellular expression of cGMP when cells were stimulated with 
SNP as compared to controls with IBMX alone. 
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Figure 1. Cyclic GMP immunoreactivity in cultured human RPE cell. Cells were 
incubated: A Without PDE inhibition; B In the presence of 1 mM IBMX; C With a 
combination of 1 mM IBMX and 0.1 mM SNP; D With a combination of 1 mM IBMX 
and 100 nM ANP. 

Bar in A represents 100 µm 

DISCUSSION 

In the current study we demonstrate that RPE cells are capable of producing 
significant amounts of cGMP following appropriate stimulation. Of the two 
currently known pathways involved in cGMP production it is evident that 
production via the particulate guanylyl cyclase pathway results in much 
higher levels than via the soluble guanylyl cyclase pathway. Previous reports 
comparing both enzymatic pathways involved in the cGMP production in the 
rat retina show that the NO-cGMP pathway (via soluble guanylyl cyclase) 
exists dominantly in the inner nuclear layer and the ANP-cGMP pathway 
(via particulate guanylyl cyclase) exists dominantly in the rod photorecep-
tor.6,11,24,25 

The strong stimulation of cGMP production in RPE cells by ANP has not 
been reported earlier. ANP belongs to the natriuretic peptide (NP) family to-
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gether with BNP and CNP and is mainly produced in the heart. ANP is a cir-
culating peptide and has been detected in different cell layers of the rat and 
rabbit retina. Also in the RPE cell layer of the human retina strong ANP im-
munolabeling has been previously shown.26 In addition, mRNA of NPR-A 
and NPR-B, both ANP receptors, has been demonstrated in cultured rabbit 
RPE cells.9 Histochemical and molecular cloning studies have also revealed 
the presence of the NPR-A and NPR-B in the human and turtle retina.7,10,24 
ANP is furthermore involved in controlling the extracellular fluid homeosta-
sis. Also in RPE cells it has been shown that ANP stimulates Cl- transport.27 

Besides detection of ANP in the eyes of experimental animals, studies in 
humans have also provided evidence for the presence of ANP in the eye. The 
ANP concentration in vitreous fluid of diabetic and non-diabetic patients 
was 60.5 pg/ml and 15.6 pg/ml, respectively.28 These values found in vivo 
are much lower than the ANP concentration we used to stimulate the cGMP 
production in RPE cells (0.1 µM; 300 ng/ml). We did not test whether a 
lower ANP concentration would also lead to a stimulation of cGMP expres-
sion. On the other hand, the level found in vitreous fluid may not actually 
represent local levels found at the tissue or cell level. When expressed in 
pmol/mg protein, our intracellular cGMP levels are comparable with cGMP 
levels found earlier in the rat retina.25 In our previous study, the mean cGMP 
level in subretinal fluid from eyes with a retinal detachment was 2.4 nM.17 In 
the current study, the extracellular cGMP concentration measured in the cul-
turing media after 40 minutes of culturing, with or without IBMX, was 
maximally 0.16 nM. After stimulation of the particulate guanylyl cyclase 
with ANP the cGMP concentration in the culture medium ranged between 
2.2 and 4.10 nM. These findings suggest that in case of a retinal detachment 
RPE cells could be responsible for the total production of cGMP present in 
the subretinal fluid. 

Intracellular cGMP levels found in the current study are comparable to the 
levels found by Newsome et al. in human and monkey RPE cells and corre-
spond most to the levels Newsome et al. found in RPE cells situated in the 
macular region.16 

It is difficult to say how well the cell line (D407) represents normal RPE 
cells in vivo. It has, however been shown that the D407 cell line retains 
many of the metabolic and morphologic characteristics of RPE cells in vivo, 
although there are some minor differences.19 In order to mimic the in vivo 
situation we used confluent single RPE cell layers. 

Most studies concerning retinal cGMP have focused on its role in photo-
transduction. Little is known about the functional significance of cGMP in 
RPE cells. It has been shown that cGMP stimulates subretinal fluid absorp-
tion whereas cAMP inhibits this process.2 Moreover, cGMP analogues were 
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shown to increase the rate of fluid absorption from the subretinal space by 
33% in rabbits with experimental retinal detachment.2 These data indicate a 
possible role for cGMP in the clearance of subretinal fluid in retinal detach-
ment. The involvement of cGMP in retinal detachment was furthermore sug-
gested by a previous study, in which we observed a decreased level of cGMP 
in vitreous and subretinal fluid of patients with retinal detachment.17 A com-
bination of these results could implicate a possible therapeutic effect from 
cGMP in retinal detachment. A higher cGMP level could be beneficial in 
clearing subretinal fluid and could even make a scleral puncture unnecessary 
during retinal detachment surgery. As can be concluded from our results, the 
RPE cell layer would be a good therapeutic target in order to increase the 
cGMP concentration in subretinal fluid after retinal detachment. 

In conclusion, cGMP production was analysed using two different methods, 
i.e. by a radioimmunoassay and by immunocytochemistry using specific 
cGMP antibodies. The results show that cultured human RPE cells are capa-
ble of producing cGMP and that most cGMP is generated following stimula-
tion of the particulate guanylyl cyclase pathway. 
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ABSTRACT 

The aim of this study was to investigate the role of two separate enzymatic 
pathways (soluble versus particulate guanylyl cyclase) in the synthesis of 
cyclic 3’, 5’-guanosine monophosphate (cGMP) in cultured human retinal 
pigment epithelium cells. Cyclic GMP accumulation was evaluated by quan-
titative analysis of cGMP-immunoreactivity. We showed NADPH-diaphor-
ase activity and inducible NOS-immunoreactivity in retinal pigment epithe-
lium cells. Incubation of the cells in the presence of 1 mM IBMX to inhibit 
phosphodiesterase activity, and the simultaneous inhibition of NOS activity 
with L-NAME suggested the involvement of soluble guanylyl cyclase in 
maintaining a low level of cGMP in the retinal pigment epithelium cells. The 
involvement of soluble guanylyl cyclase was further supported by detection 
of the β-1 and α-2 subunits of soluble guanylyl cyclase. Incubation of the 
cells in the presence of atrial natriuretic peptide to stimulate particulate 
guanylyl cyclase increased cGMP-immunoreactivity strongly. We also dem-
onstrated the presence of atrial natriuretic peptide in all retinal pigment epi-
thelium cells. In conclusion, cultured human retinal pigment epithelium cells 
are capable of producing cGMP after stimulation of soluble guanylyl cyclase 
or particulate guanylyl cyclase. The presence of inducible NOS and atrial na-
triuretic peptide in all cells suggests two different autocrine pathways of 
stimulating cGMP production in these cells. The possible role of cGMP in 
regulation inducible NOS gene expression and in the regulation of atrial na-
triuretic peptide is discussed. 

INTRODUCTION 

Retinal pigment epithelium cells (RPE cells) form a monolayer situated be-
tween the photoreceptor cell layer and the choroid. RPE cells play an essen-
tial role in the control of outer retinal homeostasis and in maintaining blood-
retinal barrier integrity.1 In addition, RPE cells are involved in absorption of 
subretinal fluid, which is part of the mechanism keeping the photoreceptor 
layer in close contact with the RPE cells.2 Furthermore, RPE cells facilitate 
the exchange of nutrients and oxygen to the photoreceptor cells. Together, 
RPE cells are critical to the functioning of the eye and play a role in the 
pathogenesis of various eye diseases, such as age-related macular degenera-
tion and proliferative vitreoretinopathy (PVR). Recently we found that reti-
nal detachment was associated with a decrease in the cGMP concentration in 
the subretinal fluid as compared to controls.3 Whether cGMP in subretinal 
fluid is produced by RPE cells is still unknown, as is the reason for the de-
crease in cGMP concentration after rhegmatogenous retinal detachment 
(RRD). 
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Cyclic GMP is synthesized by the enzyme guanylyl cyclase (GC). Different 
isoforms of this enzyme are classified into two types, the nitric oxide-
receptive (soluble) isoform (sGC), and the receptor-stimulated transmem-
brane (particulate) isoform (pGC). sGC is a heterodimeric molecule contain-
ing an α-subunit and a β-subunit with a ferrous-heme group attached to the 
β-subunit.4,5 Two α subunits (α-1,α-2), and two β-subunits (β-1, β-2) are 
known. Only the heterodimeric forms of soluble GC, which contain one of 
the α-subunits in combination with the β-1 subunit can be activated by nitric 
oxide (NO). The presence of NO-sensitive GC has been demonstrated in cul-
tured rat RPE cells and in cultured immortalized human RPE cells.6,7 At least 
seven isoforms of the particulate GC are known, designated GC-A through 
G.8 In human and rabbit RPE cells the mRNA of the receptors of GC-A and 
GC-B has been demonstrated.9,10 GC-A and GC-B are activated by natri-
uretic peptides. GC-A is activated by atrial natriuretic peptide (ANP) and 
brain natriuretic peptide (BNP), whereas GC-B is activated by C-type natri-
uretic peptide (CNP). All three natriuretic peptides have been observed in 
human RPE cells.10 Recently we showed that human RPE cells are capable 
of producing cGMP and that most cGMP is generated following stimulation 
of the particulate GC pathway.11 

The above data indicate that cGMP in RPE cells can be synthesized by two 
different mechanisms, either by stimulation of NO-sensitive soluble GC or 
by activation of particulate GC by natriuretic peptides. Cyclic GMP in RPE 
cells has been implicated in stimulation of Cl- transport, suppression of hy-
poxia-associated vascular endothelial growth factor (VEGF) gene expres-
sion, and phagocytosis of rod outer segments.6,7,12 The Cl- transport was 
stimulated by ANP and by NO, suggesting that there is no selective GC 
stimulating pathway regulating this RPE cell property.12 VEGF gene expres-
sion was studied only as a sodium nitroprusside mediated effect.7 The 
phagocytic activity of RPE cells was NO dependent but could also be stimu-
lated by the addition of the cell permeable cGMP analog 8-Br-cGMP, which 
suggest that a NP-mediated increase in cGMP might be effective as well.6 

The inducible isoform of nitric oxide synthase (iNOS) has been demon-
strated in RPE cells and might be the sole source of endogenous NO in RPE 
cells because expression of the neuronal isoform was not observed.13,14 
However, the relation between NO-synthesis and cGMP synthesis in the cul-
tured RPE cells has not been investigated. As also NP’s stimulate cGMP 
synthesis in RPE cells, we hypothesized that continuous synthesis of NO by 
iNOS results in a low level of cGMP synthesis in RPE cells, and that ANP 
stimulated cGMP synthesis might occur in (a) different compartment(s). 
Therefore, we studied cGMP synthesis after inhibition of NOS using  
L-NAME, inhibition of soluble GC using10 µM 1H-(1,2,4)oxadiazolo(4,3-a) 
quinoxalin-1-one (ODQ) or inhibition of particulate GC using isatin. Fur-
thermore, we investigated the immunoreactivity (IR) of β-1 and α-2 subunits 
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of soluble GC, iNOS, and ANP in cultured human RPE cells (D407 cell 
line). 

METHODS 

Cell Culture 
Human RPE cells (D407 cell line)15 were suspended in Dulbecco’s modified 
Eagle’s medium (DMEM) containing 5% fetal calf serum, 2 mM glutamine 
and 100 µg/ml penicillin streptomycin, at a concentration of 0.5 – 1.0 x 106 
viable cells/ml. One ml portions of the suspension were seeded on to 40 mm 
diameter plastic Petri-dishes and incubated at 37EC in a humidified atmos-
phere of 95% air and 5% CO2 for 24 hours. 

Pharmacology 
Twenty-four hours after seeding, the RPE cells were incubated for 40 min-
utes in aerated Krebs buffer (pH 7.4) with or without the following com-
pounds: 1 mM IBMX (a non-specific PDE inhibitor) (Sigma), 0.1 mM  
NG-nitro-L-arginine methyl ester (L-NAME) (a NOS inhibitor) (Sigma), 10 
µM 1H-(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-one (ODQ) (inhibitor of the 
soluble GC)16 (Tocris), or 0.1 mM isatin (inhibitor of the particulate GC)17 
(Fluka). During the last ten minutes of the incubation the cells were stimu-
lated with 100 µM of the NO donor SNP or 0.1 µM ANP. 

Immunohistochemistry 
After fixation with 4% freshly depolymerized paraformaldehyde in the cold 
(4EC) the cells were washed 3 x 5 min, twice with Tris-buffered saline 
(TBS) and once with TBS containing 0.3% Triton X-100 (TBS-T). Cells 
were incubated overnight at 4EC with the primary antibodies. Cyclic GMP 
was visualized using sheep anti-formaldehyde-fixed cGMP antiserum diluted 
1:4000 in TBS-T.18 The β-1 and α-2 subunits of soluble GC were detected by 
using rabbit anti-β-1 subunit or α-2 subunit antibodies both diluted 1:1000 in 
TBS-T.19,20 Inducible NOS was investigated using mouse anti-iNOS diluted 
1:50 in PBS (Santa Cruz Biotechnology) and ANP was stained using rabbit 
anti-ANP diluted 1:400 inTBS-T (RDI division of Fitzgerald Industries Intl). 
Cells were washed for 15 minutes with respectively TBS, TBS-T and TBS. 
Then the cells were incubated with Alexa 488 conjugated donkey anti-sheep 
IgG (Molecular Probes) diluted 1:100 in TBS-T, Alexa 488 conjugated don-
key anti-rabbit IgG (Molecular Probes) diluted 1:100 in TBS-T or Biotin 
conjugated donkey anti-mouse diluted 1:400 in PBS (Sanbio) for 1.5 hours 
at room temperature. Negative controls were processed in exactly the same 
way with the omission of the primary antibody. After three further washings 
with TBS the cells were cover slipped with TBS/glycerol (1:2 v/v). 



Chapter VII 

–  96  – 

NADPH-Diaphorase Cytochemistry 
The nicotinamide adenine dinucleotide phosphate (NADPH)-diaphorase his-
tochemical technique was used as a general marker for NOS.21 After fixation 
of the RPE cells as described above, cells were washed 2 times for 15 min-
utes each in TBS at room temperature and one time for 30 minutes in 0.1 M 
Tris-HCl (pH 8.0) at room temperature. Subsequently, the cells were incu-
bated in Tris-HCl, containing 0.4 mg/ml nitro blue tetrazolium and 8.4 
mg/ml NADPH at 37EC for 1 hour. Finally, cells were washed with TBS 
twice for 15 minutes and mounted with TBS-glycerol. 

Quantification of Immunostainings 
Immunostainings were examined using an Olympus AX70 microscope 
equipped with a cooled CCD Olympus F-view camera. Experiments were 
repeated three times. From each experiment, six images (16 bits) were made 
randomly of each condition. Each image showed at least 50 RPE cells. Fluo-
rescence intensities were converted into gray values (AnalySIS®, Softimag-
ing system, GmbH) ranging from 0 (blank) to 4096 (white). After establish-
ing a threshold setting using a blank preparation incubated with the secon-
dary antibody only, 5 classes with increasing gray values were set from  
0 - 300 (blank), 301 - 600, 601 - 1500, 1501 - 2700 and 2701 - 4096. All 
cells were classified according to the highest gray value they were demon-
strating (Figure 2c,d). The distributions of the cells over the different classes 
were analyzed using the chi-square test. 

RESULTS 

After fixation of the cells, NADPH-diaphorase activity, as a marker for 
NOS, was demonstrated in the cytoplasm of all human RPE cells (Figure 
1a). The intensity of the diaphorase staining was rather heterogeneous be-
tween cells, but highest intensity was always around the nucleus. This result 
was also obtained using an antibody against iNOS (Figure 1b). 

Figure 1. A: NADPH-diaphorase activity in human RPE cells; B: iNOS-IR in 
human RPE cells, using a mouse anti-iNOS antibody. Bar represents 100 µm. 
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Figure 2. cGMP-IR in cultured human RPE cells. Cells were incubated; A: without 
addition; B: in the presence of IBMX; C: in the presence of 100 nM ANP. D: shows 
the same picture as in C, however, cells are presented in false colors depicting the 
different classes of fluorescence intensity. Bar represents 100 µm in picture B, and 
50 µm in picture A, C and D. 

Figure 3. Immunohistochemical demonstration of the α-2 (A) and the β-1 (B) sub-
unit of soluble guanylyl cyclase in the cultured human RPE cells. Bar represents 100 
µm in picture A and C, and 50 µm in picture B and D. 

The intensity of the cGMP-immunostaining is very low in cells that have 
been incubated without any addition. Inhibition of phosphodiesterase (PDE) 
activity by the nonselective inhibitor IBMX resulted in a significant increase 
in cGMP-IR in the cells (Table 1; Figure 2a,b). Incubation of the cells in the 
presence of the NO-donor SNP did not result in a significant further increase 
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in cGMP-IR. However, when we incubated the cells in the presence of 0.1 
mM L-NAME (a NOS inhibitor) in combination with IBMX, cGMP-IR was 
reduced as compared to incubation with IBMX alone (P < 0.001; Table 1). 
This result suggests the involvement of soluble GC in maintaining a certain 
(low) level of cGMP in the RPE cells. The involvement of soluble GC in the 
synthesis of cGMP was further supported by detection of the α-2 subunit and 
the β-1 subunit of soluble GC by immunohistochemistry in all RPE cells 
(Figure 3). Immunostaining for both subunits was strongest around the nu-
cleus. We observed a few cells (Figure 3A) with α-2 subunit immunostaining 
in the nucleus. The punctate staining that is observed for both subunits in 
almost all nuclei is probably a staining in the cytoplasm overlying the nu-
cleus. 

Table 1. Analysis of cGMP fluorescence intensity in human RPE cells after incu-
bation of the cells under various conditions (SNP 0.1 mM; ANP 0.1 nM; L-NAME 
0.1 mM). Individual cells were grouped in defined gray value classes. Numbers are 
the means of all experiments and express the percentage of cells in each class. 

  Gray Values 
Treatment n 300-600 600-1500 1500-2700 2700-4095 

Krebs  5 86 13 1 0 

 + SNPa 4 75 23 2 0 
IBMXb  6 60 27 13 0 
 + SNPc 3 55 38 6 1 
 + ANPd 3 15 46 30 9 
 + L-NAMEe 3 98 2 0 0 

a Krebs vs. Krebs + SNP: P = 0.145; b IBMX vs. Krebs: P < 0.001; 
c IBMX vs. IBMX + SNP: P = 0.129; d IBMX vs. IBMX + ANP: P < 0.001; 
e IBMX vs. IBMX + L-NAME: P < 0.001. 

Incubation of the cells in the presence of ANP increased cGMP-IR in almost 
all cells, although to different extends (Table 1; Figure 2c). The ANP stimu-
lated cGMP-IR was not homogeneously distributed throughout the cell but 
clearly had a punctate appearance. Immunostaining of the RPE cells with an 
antibody against ANP revealed the presence of ANP in all cells, also in a 
punctate manner (Figure 4a,b). 

To further explore the role of soluble GC and particulate GC we did an addi-
tional series of experiments with known inhibitors of these enzymes. RPE 
cells were incubated with IBMX in combination with 10 µM ODQ, a soluble 
GC inhibitor (Table 2). As compared with IBMX alone, ODQ markedly 
suppressed cGMP synthesis and the intensity of the cGMP-IR did not reach 
further than the lowest intensity class (P < 0.001). When SNP was added as a 
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stimulator of soluble GC, ODQ also blocked cGMP-IR. To obtain further 
evidence for a role of particulate GC we performed experiments with isatin, 
which has been claimed to be an inhibitor of particulate GC.17 Isatin (0.1 
mM) inhibited unstimulated cGMP production in cultures incubated with 
IBMX alone (P < 0.001). Isatin was however not able to suppress ANP in-
duced stimulation of cGMP production (Table 2). 

Figure 4. Immunohistochemical demonstration of the presence of ANP in the cul-
tured human RPE cells. Bar in A represents 100 µm in picture A and 50 µm in pic-
ture B. Preabsorbation of the ANP antibody with of 0.1 µM ANP before staining the 
cells did not result in any ANP-IR. 

DISCUSSION 

We investigated cGMP synthesis in human RPE cell (D407) cultures using 
cGMP-immunocytochemistry. Our results show that both soluble- and par-
ticulate GC are involved in the synthesis of cGMP by RPE cells. In addition 
we presented evidence that endogenous NO synthesis is occurring in these 
cells and, as a consequence a continuous level of cGMP is present in RPE 
cells. 

Stimulation of cGMP synthesis by SNP in the presence of IBMX was not 
significant. As incubation of the cells in the presence of L-NAME resulted in 
a decrease in cGMP-immunofluorescence intensity, these two observations 
lead to the conclusions that soluble GC is present in the cultured RPE cells, 
however apparently maximal activity of soluble GC is already achieved 
through the endogenous synthesized NO. 

The source of this endogenous NO could very well be iNOS, as we demon-
strated the presence of iNOS in the cytoplasm of cultured RPE cells using 
immunocytochemistry. These findings confirm earlier studies that showed 
expression of iNOS in rat as well as human RPE cells using RT-PCR.13,14 
iNOS activity in the RPE cells is the source of NO, which keeps cGMP syn-
thesis at a certain low level. Known functions of the RPE cells are uptake of 
deteriorated photoreceptor outer segments by means of phagocytosis and 
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maintenance of the blood-retinal barrier.6 Cyclic GMP might play a role in 
both these processes. 

It has been shown that ANP stimulates Cl- transport in RPE cells.12 mRNA 
of NPR-A and NPR-B, both ANP receptors, has been demonstrated in cul-
tured rabbit RPE cells.9 Histochemical and molecular cloning studies have 
also revealed the presence of the NPR-A and NPR-B receptors in the human 
and turtle retina.22-24 We found that the cGMP response to ANP was not the 
same in all RPE cells. It is not known whether this differentiation of the 
ANP response is caused by changes in the activity or availability of the 
ANP-receptors, or that differences in PDE activity are involved. The differ-
ence in response to ANP between the individual cells may also depend on 
their differentiation stage. 

Isatin has previously been described as an inhibitor of particulate GC in a 
number of different tissues, e.g. brain, kidney and heart.17 In our experiments 
isatin was not able to inhibit cGMP-synthesis after stimulation with ANP. 
However we did observe inhibition of basal production of cGMP in the pres-
ence of IBMX. This points to inhibition of soluble GC by isatin in RPE cells, 
as has been reported earlier for human platelets.25 

Most studies concerning retinal cGMP have focused on its role in photo-
transduction. Little is known about the functional significance of cGMP in 
RPE cells. It has been shown that cGMP stimulates subretinal fluid absorp-
tion whereas cAMP inhibits this process.1 Moreover, cGMP analogues were 
shown to increase the rate of fluid absorption from the subretinal space by 
33% in rabbits with experimental retinal detachment.1 These data indicate a 
possible role for cGMP in the clearance of subretinal fluid in retinal detach-
ment. The involvement of cGMP in retinal detachment was suggested by a 
previous study, in which we observed a decreased level of cGMP in vitreous 
and subretinal fluid of patients with retinal detachment.3 

We were able to show the presence of ANP in the cultured RPE cells, con-
firming in part the finding of Rollin et al.10 The question arises why there are 
two autocrine mechanisms in the RPE cells both using cGMP as a second 
messenger. It has been shown that ANP regulates iNOS activity through 
cGMP in LPS-activated macrophages by different mechanisms, i.e. reduced 
binding of NF-ĸB, the transcription factor responsible for the iNOS expres-
sion, and second, acceleration of iNOS mRNA decay.26 On the other hand, 
this effect may be tissue specific as blockade of the NPR-A receptor resulted 
in inhibition of NF-ĸB activation by ischemia/reperfusion in coronary arter-
ies.27 In addition, ANP also controls iNOS activity by regulating the avail-
ability of L-arginine, the substrate for iNOS.28 As it has been shown that 
ANP suppresses the expression of the NPR-A receptor also through cGMP it 
follows that cGMP signaling in the RPE cells must be highly compartmen-
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talized.29,30 Our observations of a punctuate cGMP-IR in the cells after 
stimulation with ANP, and the punctate staining for the β-1 subunit and α-2 
subunit are in agreement with this suggestion. It might also be possible that 
expression of iNOS and the NPR-A receptor are in an equilibrium state 
which keeps ANP signaling in the RPE layer at a low level, but high enough 
to reach a level that controls iNOS expression and thus the endogenous NO 
concentration at such a low level that the toxic properties of NO will not be-
come a hazard. This hypothesis is shown schematized in figure 5. 

In conclusion, our studies show that there are interacting signaling pathways 
using cGMP as a second messenger in cultured human RPE cells. ANP is 
present in these cells as well as the NPR-A receptor. The presence of iNOS 
and the ongoing cGMP synthesis by soluble GC in the RPE cells is causally 
linked and might be part of a regulatory cGMP dependent mechanism inte-
grating the effects ANP and NO. 

Figure 5. cGMP controlled pathways in cultured RPE cells. The amount of iNOS in 
the cytoplasm, and subsequently the amount of NO synthesized, is negatively con-
trolled by cGMP at the level of NFĸB availability as a transcription factor for iNOS, 
at the level of mRNA turnover, and at the level of substrate availability. The expres-
sion of the NPR-A is also negatively regulated by cGMP. Presently, we cannot dif-
ferentiate between the role of cGMP synthesized by sGC or cGMP synthesized by 
pGC. 
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ABSTRACT 

The aim of the current study was to investigate which phosphodiesterases 
(PDE) are involved in regulating cyclic 3’, 5’-guanosine monophosphate 
(cGMP) breakdown in retinal pigment epithelium (RPE) cells. Cyclic GMP 
content in the cultured RPE cells (D407 cell line) was evaluated by immuno-
cytochemistry in the presence of non-selective or isoform-selective PDE in-
hibitors in combination with the particulate guanylyl cyclase stimulator atrial 
natriuretic peptide (ANP) or the soluble guanylyl cyclase stimulator sodium 
nitroprusside (SNP). Messenger RNA expression of PDE2, PDE5 and PDE9 
was studied in cultured human RPE cells and rat RPE cell layers using non-
radioactive in situ hybridisation. In the absence of PDE inhibitors cGMP 
levels in cultured RPE cells are very low. Cyclic GMP accumulation was 
readily detected in cultured human RPE cells after incubation with Bay60-
7550 as a selective PDE2 inhibitor, sildenafil as a selective PDE5 inhibitor 
or Sch51866 as a selective PDE9 inhibitor. In the presence of PDE inhibi-
tion, cGMP content strongly increased after stimulation of the particulate 
guanylyl cyclase. mRNA of PDE2, PDE5 and PDE9 was detected in all cul-
tured human RPE cells and in rat RPE cell layers. In conclusion, our results 
show that PDE2, PDE5 and PDE9 have a role in cGMP metabolism in RPE 
cells. 

INTRODUCTION 

Cyclic 3’, 5’-guanosine monophosphate (cGMP), a central molecule in the 
phototransduction cascade,1,2 is also involved in a number of other physio-
logical processes in the retina. cGMP stimulates the absorption of subretinal 
fluid by activating the retinal pigment epithelium (RPE) cell pump.3,4 Re-
cently, we found that retinal detachment was associated with a decrease in 
the cGMP concentration in the subretinal fluid as compared to controls.5 
These findings prompted us to investigate the mechanisms involved in reti-
nal cGMP metabolism. 

Intracellular concentrations of cGMP represent the net balance between syn-
thesis by guanylyl cyclases and breakdown by 3’, 5’- cyclic nucleotide phos-
phodiesterases (PDEs).6 PDEs comprise a large group of enzymes that hy-
drolyze cyclic adenosine monophosphate (cAMP) and cGMP to their inac-
tive 5’ -derivates. Eleven different subfamilies of PDE isozymes (PDE1 - 
PDE11) are known. The classification is based on their affinities for cGMP 
and cAMP, and a number of proteomic and genomic characteristics.7 PDE2, 
PDE5, PDE6, PDE9 and PDE10 are the major cGMP-degrading enzymes.8-12 
PDE10, which hydrolyzes both cAMP and cGMP, was however not detected 
in the eye and PDE6 is known to be only present in retinal photoreceptor 
cells.13,14 
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cAMP-hydrolyzing and cGMP-hydrolyzing activities have been detected in 
homogenates of cultured pigment epithelium from rats.15 Although the first 
papers about PDE activity in RPE cells were already published in the early 
1980’s,16,17 there are no data on the expression of the individual PDE iso-
forms which have been characterized over the past 10 years. RPE cells are in 
close contact with the photoreceptor layer and facilitate the supply of neces-
sary substrates, including oxygen, to the photoreceptor cells. We have found 
that RPE cells are capable of producing cGMP and that most cGMP is gen-
erated following stimulation of the particulate guanylyl cyclase pathway and 
simultaneous non-selective PDE inhibition with 3-isobutyl-1-methylxanthine 
(IBMX).18 

The aim of the current study was to identify the PDE isoforms involved in 
the cGMP breakdown in RPE cells. To investigate PDE activity in RPE 
cells, we studied cGMP accumulation in the RPE cells after stimulating par-
ticulate guanylyl cyclase (pGC) or soluble guanylyl cyclase (sGC) in the 
presence of PDE inhibitors with different selection properties. We used 
IBMX as a non-specific PDE inhibitor, Bay 60-7550 as a selective PDE2 in-
hibitor,19 sildenafil as a selective PDE5 inhibitor and, Sch51866 as a selec-
tive PDE9 inhibitor.20 In addition, mRNA expression of PDE2, PDE5 and 
PDE9 was studied in cultured human RPE cells using non radioactive in situ 
hybridisation. As it is impossible to detect the in situ hybridisation signal in 
pigmented RPE cells we studied the in vivo situation by analysing the 
mRNA expression of PDE2, PDE5 and PDE9 in the unpigmented RPE cell 
layer of albino Lewis rats. 

Our results indicate that PDE2, PDE5 and PDE9 are present in cultured hu-
man RPE cells and rat RPE cell layers, and that these different PDE isoforms 
have a role in controlling cGMP levels in RPE cells. 

METHODS 

Cell Culture 
Human retinal pigment epithelial cells (D407 cell line)21 were suspended in 
Dulbecco’s modified Eagle’s medium containing 5% fetal calf serum, 2 mM 
glutamine and 100 µg/ml penicillin streptomycin, at a concentration of 0.5 – 
1.0 x 106 viable cells/ml. Portions of the suspension (1 ml) were seeded on 
to 40 mm diameter plastic Petri-dishes and incubated at 37EC in a humidi-
fied atmosphere of 95% air and 5% CO2. 

Pharmacology 
Twenty four hours after seeding, the subconfluent RPE cells were incubated 
for 40 minutes in aerated Krebs buffer (pH 7.4) with or without the follow-
ing compounds: 1 mM IBMX (non-specific PDE inhibitor;Sigma), 1.0 µM 



Phosphodiesterases type 2, 5 and 9 in RPE cells 

–  109  – 

Bay 60-7550 (selective PDE2 inhibitor),19 10 µM sildenafil (selective PDE5 
inhibitor), and 10 µM Sch51866 (selective PDE9 inhibitor).13 During the last 
ten minutes of the incubation the cells were stimulated with100 µM of the 
NO donor sodium nitroprusside (SNP) or 0.1 µM atrial natriuretic peptide 
(ANP). 

Immunohistochemistry 
After fixation with 4% freshly depolymerized paraformaldehyde in the cold 
(4EC), the cells were washed 3 x 5 min, twice with Tris-buffered saline 
(TBS) and once with TBS containing 0.3% Triton X-100 (TBS-T). Cells 
were incubated overnight at 4EC with the primary antibodies. cGMP was 
visualized using sheep polyclonal anti-formaldehyde-fixed cGMP antiserum 
diluted 1:4000 in TBS-T.22 Cells were washed for 15 minutes with TBS, 
TBS-T and TBS, respectively. Then the cells were incubated with Alexa 488 
conjugated donkey anti-sheep IgG (Molecular Probes) diluted 1:100 in TBS-
T for 1.5 hours at room temperature. Negative controls were processed in 
exactly the same way with the omission of the primary antibody. After three 
further washings with TBS, the cells were cover-slipped with TBS/glycerol 
(1:2 v/v). 

Rats 
Adult male Lewis rats (200-240 g) were reared under standard conditions 
and were cared for in accordance with the guidelines of the Association for 
Research in Vision and Ophthalmology Statement for the use of animals in 
ophthalmic and vision research. The animals were decapitated and their eyes 
were immediately frozen. Frozen sections of 10 µm were cut en kept at -
80EC until the experiment was completed. 

In Situ Hybridisation of PDE2, PDE5 and PDE9 
In situ hybridisation was performed with digoxigenin (DIG) labeled RNA 
probes as described previously.23 Frozen sections were thawed for 10 min-
utes at 50EC and thereafter fixed with 4% paraformaldehyde in 0.1 M phos-
phate buffer for 20 minutes at room temperature. The RPE cells were fixed 
with 4% paraformaldehyde in 0.1 M phosphate buffer for 30 minutes at 4EC. 
Then the samples (sections and cells) were washed shortly with PBS and in-
cubated for 10 minutes with 0.1 M triethanolamine (TEA) containing 0.25 % 
acetic anhydride. Samples were washed two times with 2x SSC and thereaf-
ter washed at 37EC with 2x SSC containing 50% formamide. Hybridisation 
was performed overnight in a humid chamber at 55EC under cover slips in 
100-200 µl hybridisation mix (50% (v/v) deionised formamide, 250 µg/ml 
salmon sperm DNA, 1 mg/ml tRNA, 10% dextran sulfate, 2x SSC, 1x Den-
hardt’s solution and 200 ng/ml DIG-labeled RNA probe. After hybridisation, 
the samples were washed in 2x SSC, 1x SSC and 0.1x SSC, all solutions 
containing 50% formamide. Each wash step was performed at 55EC for 20 
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minutes. Next, the samples were treated with RNAse T1 2 U/ml (Roche) in 
2x SSC containing 1 mM EDTA for 15 minutes at 37EC, followed by a 20 
min wash with 1x SSC and a 10 min wash with 2x SSC. The samples were 
then incubated for 5 min with buffer 1 (0.15 M NaCl and 0.1 M maleic acid 
(pH 7.5)) followed by blocking for 2 hr at RT with buffer 2 (0.15 M NaCl, 
0.1 M maleic acid (pH 7.5) and 1% blocking reagent (Roche, #1096176)) 
containing 5% sheep serum. Next, samples were incubated overnight with a 
1:2000 dilution of anti-DIG-alkaline phosphatase (Roche) in buffer 2 con-
taining 1% sheep serum. Thereafter, samples were washed 3 times with 
buffer 1, followed by washing for 10 min with TBS containing 0.025% 
Tween 20 and thereafter, three times 5 min with TBS. After two washes in 
buffer 3 ((0.1 M Tris-HCl (pH 9,5), 0.1 M NaCl and 0.05 M MgCl2), the 
samples were incubated with freshly prepared nitro-blue tetrazolium and  
5-bromo-4-chloro-3-indolyl-phosphate in buffer 4 (0.05 M Tris (pH 9,5)  
0.1 M NaCl, 6% polyvinylalcohol, 0.05 M MgCl2, 1 mM levamisole) and 
stained overnight in the dark at 25EC. The color reaction was stopped with 
0.01 M Tris-HCl -1 mM EDTA (pH 8.0). 

Quantification of Immunostainings 
Immunostainings were examined using an Olympus AX70 microscope 
equipped with a cooled charge couple devices Olympus F-view camera. Ex-
periments were repeated three times. From each incubation setting, six im-
ages were made randomly chosen. Each image contained at least 50 RPE 
cells. Fluorescence intensities were converted into gray values (AnalySIS®, 
Softimaging system, GmbH) ranging from 0 (blank) to 4096 (white). After 
establishing a threshold setting using a blank preparation incubated with the 
secondary antibody only, five classes with increasing gray values were set as 
0 - 300 (blank), 301 - 600, 601 - 1500, 1501 - 2700 and 2701 - 4096. All 
cells were classified according to the highest gray value they were demon-
strating (Table 1). The mean percentage of cells in each class was calculated 
of the 6 images made of each incubation setting. Thereafter the mean per-
centage was calculated for the three experiments. The distributions of the 
cells over the different classes were analysed using the chi-square test. 

RESULTS 

Effect of PDE inhibition on cGMP levels  
in cultured human RPE cells 
In unstimulated cells incubated without PDE inhibition, a low level of cGMP 
immunoreactivity was visualized in the cells (Table 1; Figure 2a). Hardly 
any differentiation in the intensity of the cGMP-immunofluorescence was 
present. Addition of 1mM IBMX to the incubation medium resulted in a 
general increase in the intensity of the cGMP immunostaining. We also ob-
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served more differentiation in the intensity of the cGMP immunofluores-
cence compared to incubation without PDE inhibition (Table 1). 

Table 1. cGMP fluorescence intensity in human RPE cells after incubation with 
different PDE inhibitors and guanylyl cyclase stimulation. Individual cells were 
grouped in defined gray value classes. Numbers are the means of 3 experiments  
(6 pictures per incubation in each experiment were taken) and express the percent-
age of cells in each intensity class. 

  Gray Values 
Treatment n 300-600 600-1500 1500-2700 2700-4095 

control  3 95 5 0 0 

 + SNP 3 87 13 0 0 
 + ANP 3 95 5 0 0 
IBMX  3 65 24 11 0 
 + SNP 3 64 34 2 0 
 + ANP* 3 22 39 32 7 
Sildenafil  3 91 9 0 0 
 + SNP 3 96 4 0 0 
 + ANP* 3 18 60 10 12 
BAY 60-7550  3 99 1 0 0 
 + SNP 3 86 14 0 0 
 + ANP* 3 1 88 5 6 
Sch51866  3 99 1 0 0 
 + SNP 3 93 7 0 0 
 + ANP* 3 40 46 14 0 

* P < 0.001 when compared to control + ANP. 

Incubation of the cells without stimulation of sGC or pGC, although in the 
presence of Bay 60-7550 (PDE2 inhibitor), sildenafil (PDE5 inhibitor), and 
Sch51866 (PDE9 inhibitor), did not increase cGMP immunoreactivity com-
pared to incubation without PDE inhibition (Table 1). 

Exposure of RPE cells to 0.1 µM ANP in combination with BAY60-7550, 
sildenafil or Sch51866 did result in a strong increase in cGMP immunoreac-
tivity in a large number of cells (Figures 1 and 2). Figures 1 and 2 show that 
the effect of sildenafil and IBMX are quite similar, both with a number of 
cells in the highest grey value intensity class. The effect of Bay-60-7550 is 
more homogenous in all cells, resulting in 88% of the cells in the second 
grey value intensity class. The distribution of GMP throughout the cyto-
plasm is not homogeneous but seemed to be compartmentalized in many 
cells (Figure 2). This holds true for all three PDE inhibitors. These results 
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show that Bay 60-7550, sildenafil and Sch51866 were able to inhibit PDE 
activity. We found no major significant stimulating effect of SNP on cGMP 
synthesis in the presence of all three PDE inhibitors. 

Figure 1. cGMP fluorescence intensity in human RPE cells after incubation with 
different PDE inhibitors and guanylyl cyclase stimulation with 0.1 µM ANP. Indi-
vidual cells were grouped in defined gray value classes. Numbers are the means of 3 
experiments (6 pictures per incubation in each experiment were taken) and express 
the percentage of cells in each of 4 intensity classes. 

 

mRNA expression 
Non-radioactive in situ hybridisation was used to study the mRNA expres-
sion patterns of PDE2, PDE5 and PDE9. RPE cells were hybridised with an-
tisense and sense probes from these three different PDE families. In human 
RPE cell cultures PDE2, PDE5 and PDE9 mRNAs were detected in all cells 
and most of the mRNA is visualized concentrated around the nucleus (Figure 
3). Control sections hybridized with sense probes did not show any specific 
staining. 

In addition, also rat RPE cell layers were hybridised with antisense and sense 
probes from PDE2, PDE5 and PDE9, and mRNA of PDE2, PDE5 and PDE9 
was shown to be present (Figure 4). The in situ hybridisation signal was pre-
sent in all RPE cells almost to the same extent. Control sections hybridised 
with sense probes did not show any specific staining. 
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Figure 2. Cyclic GMP immunoreactivity in human RPE cell. A Without PDE inhibi-
tion. B,E, Combination of 1.0 µM BAY 60-7550,and 0.1 µM ANP. C,F, Combination 
of 10 µM sildenafil and 0.1 µM ANP. D Combination of 10 µM Sch51866 and  
0.1 µM ANP. Sections incubated without primary antibody show no cGMP-
immunoreactivity (not shown). Pictures are not taken from the same experi-
ment.Scale bar is 100 µm in picture B, C and D, 50 µm in picture A, E and F. 

 

Figure 3. In situ hybridisation of PDEs 2, 5 and 9 in human RPE cells. A Localiza-
tion of PDE2 mRNA. B Localization of PDE5 mRNA. C Localization of PDE9 
mRNA. D Hybridisation with the sense probe of PDE9. Scale bar is 100 µm. 
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Figure 3 (continued). In situ hybridisation of PDEs 2, 5 and 9 in human RPE cells. 
C Localization of PDE9 mRNA. D Hybridisation with the sense probe of PDE9. 

Figure 4. In situ hybridisation of PDEs 2, 5 and 9 rat RPE cell layers. A Localiza-
tion of PDE2 mRNA. B Localization of PDE5 mRNA. C Localization of PDE9 
mRNA. D Hybridisation with the sense probe of PDE9. * = RPE cell layer. Scale 
bar is 100 µm in picture A, B and D, 50 µm in picture C. 

 

DISCUSSION 

We investigated the contribution of three isoforms of the PDE family of en-
zymes in controlling cGMP levels in human RPE cell cultures. Data ob-
tained by using selective PDE inhibitors in combination with cGMP immu-
nocytochemistry indicate that at least PDE2, PDE5 and PDE9 are present in 
cultured human RPE cells. This was confirmed by the presence of mRNA of 
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PDE2, PDE5 and PDE9 in the human RPE cells and rat RPE cell layers stud-
ied by using in situ hybridisation. These three different PDE isoforms seem 
to be involved in controlling cGMP levels in RPE cells, as PDE10 was found 
not to be present in the eye.13 Differences in mRNA expression between 
cells might be caused by cells being in a different cells cycle phase. There-
fore, it is not surprising that a similar difference in the localisation of cGMP 
immunocytochemistry was observed in the cells, irrespective of the PDE in-
hibitor being present during the incubation. 

PDE2 has an almost equal affinity for cGMP and cAMP. However, cAMP 
hydrolysis is greatly stimulated by low levels of cGMP.14 The compound 
Bay 60-7550 is a highly selective inhibitor of PDE2 and more potent than 
erythro -9-(2-hydroxy-3-nonyl) adenine (EHNA), which is generally used as 
a PDE2 inhibitor.19 In addition, in contrast to EHNA, Bay 60-7550 is devoid 
of adenosine deaminase activity.19 

PDE5 has been implicated in the control of vascular resistance.14 Also in the 
retina PDE5 has been shown to have a possible role in the regulation of reti-
nal blood flow.24 Sildenafil, a relatively selective inhibitor for PDE5 also 
weakly inhibits PDE6, an enzyme involved in the process of phototransduc-
tion, with an efficacy of 1/10 of that for PDE5.25 A single oral dose of  
100 mg sildenafil has been shown to cause impaired photoreceptor function, 
which is being attributed to weak inhibition of PDE6 by sildenafil.26,27 To 
date, PDE6 is known to be only present in retinal photoreceptor cells.14 

As PDE9 has the highest affinity for cGMP of all the mammalian PDEs, this 
enzyme can have a fundamental role in keeping cGMP at a low basal level.9 
In contrast to the other PDEs, PDE9 is not inhibited by IBMX.11,13 Sch51866 
is a somewhat selective inhibitor of PDE9 as it also weakly inhibits PDE5, 
with an efficacy of 1/15 of that for PDE9.20 So the effect of Sch51866 on the 
cGMP immunoreactivity in the current study can not be solely attributed to 
inhibition of PDE9. 

Using in situ hybridisation, we showed the presence of PDE2, PDE5 and 
PDE9 mRNA in RPE cells, but this is not a quantitative technique. The im-
munohistochemistry data clearly show that a combination of sildenafil and 
ANP results in the largest percentage of cells in the highest gray value inten-
sity class compared to other incubation settings. This may indicate a promi-
nent role of PDE5 in cGMP breakdown in RPE cells. 

The D407 cell line was shown to retain many of the metabolic and morphol-
ogic characteristics of RPE cells in vivo, although there are some minor dif-
ferences.21 Given our results, it may be concluded that the expression of 
PDE2, PDE5 and PDE9 is similar in the D407 cell line compared to rat RPE 
cells in vivo. 
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The major function for PDEs in the cell is to terminate the amplitude and du-
ration of the cyclic nucleotide second messenger signal.14 As shown previ-
ously, retinal detachment is associated with a decrease in the cGMP concen-
tration in the subretinal fluid.5 Hypoxia due to retinal detachment may cause 
a reduced activity of guanylyl cyclases which produce cGMP. This could 
lead to a reduced expression of cGMP by retinal cells after retinal detach-
ment. By knowing the specific PDE families located in retinal cells these en-
zymes could in the future become therapeutic targets in order to limit cGMP 
breakdown by using selective PDE inhibitors. Clinically, this could be im-
portant as cGMP is known for its stimulating role in the reabsorption of 
subretinal fluid by activating the RPE pump.3,4 

In conclusion, our studies show that there is a complex regulation of cGMP 
synthesis in RPE cells. The three PDE isoforms, PDE2, PDE5 and PDE9, are 
involved in the breakdown of cGMP in these cells. This process of control-
ling cGMP levels might have a role in the regulation of fluid absorption from 
the subretinal space by RPE cells. 
 



Phosphodiesterases type 2, 5 and 9 in RPE cells 

–  117  – 

LITERATURE 

1 Baylor DA. Photoreceptor signals and vision. Proctor lecture. Invest Ophthalmol Vis Sci. 
1987; 28, 34-49. 

2 Yamazaki A, Moskvin O, Yamazaki RK. Phosphorylation by cyclin-dependent protein 
kinase 5 of the regulatory subunit (Pgamma) of retinal cgmp phosphodiesterase (PDE6): 
its implications in phototransduction. Adv Exp Med Biol. 2002; 514, 131-153. 

3 Marmor MF, Negi A. Pharmacologic modification of subretinal fluid absorption in the 
rabbit eye. Arch Ophthalmol . 1986; 104, 1674-1677. 

4 Marmor MF. Control of subretinal fluid: Experimental and clinical studies. Eye. 
1990; 4, 340-344. 

5 La Heij EC, Blaauwgeers HG, de Vente J, Markerink M, Liem AT, Kessels AG, 
SteinbuschH, HendrikseF. Decreased levels of cGMP in vitreous and subretinal fluid from 
eyes with retinal detachment. Br J Ophthalmol. 2003; 87, 1409-1412. 

6 Francis SH, Corbin JD. Cyclic nucleotide-dependent protein kinases: intracellular 
receptors for cAMP and cGMP action. Crit Rev Clin Lab Sci. 1999; 36, 275-328. 

7 Beavo JA, Conti M, Heaslip RJ. Multiple cyclic nucleotide phosphodiesterases. Mol 
Pharmacol. 1994; 46, 399-405. 

8 Gillespie PG, Beavo JA. Characterization of a bovine cone photoreceptor 
phosphodiesterase purified by cyclic GMP-sepharose chromatography. J Biol Chem. 
1988; 263:8133-41. 

9 Thomas MK, Francis SH, Corbin JD. Characterization of a purified bovine lung cGMP-
binding cGMP phosphodiesterase. J Biol Chem. 1990; 265:14964-70. 

10 Sonnenburg WK, Mullaney PJ, Beavo JA. Molecular cloning of a cyclic GMP-stimulated 
cyclic nucleotide phosphodiesterase cDNA. Identification and distribution of isozyme 
variants. J Biol Chem. 1991; 266:17655-61. 

11 Fisher DA, Smith JF, Pillar JS, St Denis SH, Cheng JB. Isolation and characterization of 
PDE9A, a novel human cGMP-specific phosphodiesterase. J Biol Chem. 
1998; 19:15559-64. 

12 Fujishige K, Kotera J, Michibata H, Yuasa K, Takebayashi S, Okamura K, Omori K. 
Cloning and characterization of a novel human phosphodiesterase that hydrolyzes both 
cAMP and cGMP (PDE10A). J Biol Chem. 1999; 274:18438-45. 

13 Soderling SH , Bayuga SJ, Beavo JA. Isolation and characterisation of a dual-substrate 
phosphodiesterase gene family: PDE10A.Proc. Natl. Acad. Sci USA.1999; 96:7071-7076. 

14 Beavo JA. Cyclic nucleotide phosphodiesterases: functional implications of multiple 
isoforms. Physiol. Rev. 1995; 75:725-748. 

15 Kurtz MJ, Edwards RB, Schmidt SY: Cyclic nucleotide phosphodiesterases in cultured 
normal and RCS rat pigment epithelium: kinetics of cyclic AMP and cyclic GMP 
hydrolysis. Exp Eye Res. 1987; 45(1):67-75. 

16 Miller S, Farber D. Cyclic AMP modulation of ion transport across frog retinal pigment 
epithelium. Measurements in the short-circuit state. J Gen Physiol. 1984; 83:853-74. 

17 Sanyal A, Fletcher R, Liu YP, Aguirre G, Chader G. Cyclic nucleotide content and 
phosphodiesterase activity in de rds mouse (020/A) retina. 
Exp Eye Res. 1984; 38:247-256. 

18 Diederen RMH, La Heij EC, Markerink-van Ittersum M, Kijlstra A, Hendrikse F, De 
Vente J. Cyclic GMP synthesis by human retinal pigment epithelial cells is mainly 
mediated via the particulate guanylyl cyclase pathway. Ophthalmic Res. 2007; 39:55-59. 

19 Boess FGHM, Hendrix M. van der Staay FJ, Erb C, Schreiber R, van Staveren W, De 
Vente J, Prickaerts J, Blokland A, Konig G. Inhibition of phosphodiesterase 2 increases 
cGMP neuronal plasticity and memory performance. Neuropharmacoloy. 
2004; 47:1081-92. 

20 Soderling SH , Bayuga SJ, Beavo JA. Identification and characterization of a novel family 
of cyclic nucleotide phosphodiesterases. J Biol Chem. 1998; 273(25):15553-8. 



Chapter VIII 

–  118  – 

21 Davis AA, Bernstein PS, Bok D, Turner J, Nachtigal M, Hunt RC. A human retinal 
pigment epithelial cell line that retains epithelial characteristics after prolonged culture. 
Invest Ophthalmol Vis Sci.1995; 36:955-64. 

22 De Vente J, Steinbusch HW. On the stimulation of soluble and particulate guanylate 
cyclase in the rat brain and the involvement of nitric oxide as studied by cGMP 
immunocytochemistry. Acta Histochem. 1992; 92, 13-38. 

23 Van Staveren WC, Steinbusch HW, Markerink-Van Ittersum M, Repaske DR, Goy MF, 
Kotera J, Omori K, Beavo JA, De Vente J. mRNA expression patterns of the cGMP-
hydrolyzing phosphodiesterases types 2, 5, and 9 during development of the rat brain. J 
Comp Neurol. 2003; 467, 566-580. 

24 Pache M, Meyer P, Prünte C, Orgül S, Nuttli I, Flammer J. Sildenafil induces retinal 
vasodilatation in healthy subjects . British Journal of Ophthalmology 2002; 86:156-158. 

25 Ballard SA, Gingell CJ, Tang K, Turner LA, Price ME, Naylor AM. Effects of Sildenafil 
on the relaxation of human corpus cavernosum tissue in vitro and on the activities of 
cycylic nucleotide phosphodiesterase isozymes. J Urol 1998; 159:2164-71. 

26 Vobig MA, Klotz T, Staak M, Bartz-Schmidt KU, Engelman U, Walter P. Retinal side-
effects of Sildenafil. The Lancet. 1999; 353:375. 

27 Vobig MA. Retinal side-effects of Sildenafil. The Lancet. 1999; 353:1442. 
 



 

 

 





 

 

CHAPTER IX 
  

Cyclic GMP in the pig vitreous and retina 
after experimental retinal detachment 

Submitted 

Roselie M.H. Diederen1,2, Ellen C. La Heij1, 
Marijke A.M. Lemmens2, Aize Kijlstra1, 

Jan de Vente2 and Fred Hendrikse1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Eye Research Institute Maastricht, Department of Ophthalmology, University Hospital 

Maastricht, The Netherlands 
2 European Graduate School of Neuroscience (EURON), Psychiatry and Neuropsychology, 

University of Maastricht, The Netherlands 





Cyclic GMP in the detached pig retina 

–  123  – 

ABSTRACT 

Earlier studies have shown a decreased level of cyclic 3’, 5’-guanosine  
monophosphate (cGMP) in vitreous fluid of patients with retinal detachment. 
The mechanisms causing this decrease and the biological significance are 
unknown and were therefore the subject of the current study. Experimental 
retinal detachments were created in pig eyes and vitreous and retinas were 
analyzed for cGMP expression. After enucleation, the retinas were incubated 
in the presence of a non-selective phosphodiesterase inhibitor, and the par-
ticulate guanylyl cyclase stimulator atrial natriuretic peptide (ANP) or the 
soluble guanylyl cyclase stimulator sodium nitroprusside (SNP). Cyclic 
GMP was visualized in retinal wholemounts by immunochemistry. Cyclic 
GMP levels in vitreous were determined by ELISA. Cyclic GMP was also 
measured in vitreous of patients suffering from rhegmatogenous retinal  
detachment to compare cGMP concentrations between pigs and humans. The 
mean vitreous cGMP level in pig eyes after retinal detachment (1.45 
pmol/ml) was significantly lower compared to the mean level of cGMP in 
healthy pig eyes (4.61 pmol/ml) (P = 0.028). No difference in vitreous 
cGMP level was found between human (1.10 pmol/ml) and pig eyes with 
retinal detachment (P = 0.30). In the inner retina, both ANP and SNP in-
duced cGMP immunoreactivity in the detached and healthy retina. After in-
cubation with ANP, cGMP could also be detected in the outer nuclear layer 
of the detached retina, whereas this was not the case in the normal retina. 
The presence of cGMP in vitreous and its decrease after retinal detachment 
may indicate a potential regulatory role in the physiologic responses of the 
retina after detachment. 

INTRODUCTION 

A retinal detachment occurs when the photoreceptor layer and the retinal 
pigment epithelium separate. A retinal detachment often causes blindness if 
left untreated. But even when reattachment surgery is successful, a reat-
tached retina rarely regains normal sensitivity or acuity.1-3 This may be due 
to irreversible damage to the retina, caused by hypoxia and/or ischemia of 
retinal cells, like photoreceptor cells and Mϋller cells.3,4 

Cyclic 3’, 5’-guanosine monophosphate (cGMP) can modulate several as-
pects of retinal physiology, besides its role in phototransduction. Cyclic 
GMP analogues were shown to increase the rate of fluid absorption from the 
subretinal space by 33% in rabbits with experimental retinal detachment.5 It 
has also been shown that cGMP analogues or nitric oxide (NO) donors re-
duce the gap-junction coupling of amacrine cells with cone bipolar cells.6 In 
retinal pigment epithelium (RPE) cells, cGMP has been implicated in stimu-
lation of Cl- transport, suppression of hypoxia-associated vascular endothe-



Chapter IX 

–  124  – 

lial growth factor (VEGF) gene expression, and phagocytosis of rod outer 
segments.7-9 In photoreceptor cells, the NO-cGMP signaling pathway is ac-
tive in the regulation of the structural plasticity of cone and rod cells.10 

Two different enzymes catalyze the conversion of the substrate guanosine 
‘5-triphosphate (GTP) into cGMP. These enzymes are called the particulate 
(membrane-bound) and soluble (cytosolic) cyclases based on their general 
structure and cellular distribution, of which there are several isoforms known 
of each class. Soluble guanylyl cyclase (sGC) is activated by NO. In the ret-
ina, increasing tissue levels of NO by incubation with the NO donor sodium 
nitroprusside (SNP), result in increased cGMP immunoreactivity in 
amacrine, ganglion and bipolar cells.11,12 Membrane bound or particulate 
guanylyl cyclases (pGC) are either ligand-activated receptors (e.g. natriuretic 
peptides), or calcium-regulated (retGC).12 In turtle and rat retina, stimulation 
with exogenous natriuretic peptides increased total retinal cGMP levels.7,12 
All three natriuretic peptides, atrial natriuretic peptide (ANP), brain natri-
uretic peptide (BNP), and C-type natriuretic peptide (CNP) have been ob-
served in human ganglion and RPE cells.13 In situ hybridisation analysis in 
monkey eyes showed retGC transcripts to be localized exclusively along the 
retinal outer nuclear layer, corresponding to the nuclei of the rod and cone 
photoreceptor cells.14 Reports comparing both enzymatic pathways involved 
in the cGMP production in the rat retina show that the NO-cGMP pathway 
(via soluble guanylyl cyclase) exists dominantly in the inner nuclear layer 
and the ANP-cGMP pathway (via particulate guanylyl cyclase) exists domi-
nantly in the rod photoreceptors.6,7,12,15 

Cyclic GMP is hydrolyzed to inactive 5’ -derivates by 3’, 5’-cyclic nucleo-
tide phosphodiesterases (PDE’s) of which eleven different subfamilies of 
PDE isozymes (PDE1 - PDE11) have been classified. The major function for 
PDEs in the cell is to diminish the amplitude and terminate the duration of 
the cyclic nucleotide second messenger signal.16 

The increased rate of fluid absorption from the subretinal space indicates a 
possible role for cGMP in the clearance of subretinal fluid after retinal de-
tachment.5 The involvement of cGMP in retinal detachment was furthermore 
suggested by a previous study, in which we observed a decreased level of 
cGMP in vitreous and subretinal fluid of patients with retinal detachment.17 
Moreover, a significant decrease was found in the mean subretinal cGMP 
levels when the retinal detachment existed longer. The source of cGMP in 
vitreous fluid is unknown, as is the reason for the decrease in cGMP concen-
tration after retinal detachment. Because of energy and oxygen deprivation 
due to the separation of the retina, the expression, release and metabolism of 
cGMP may be reduced. The aim of the current study was to investigate 
whether the findings observed during clinical retinal detachment could be 
reproduced in an animal model. Further analysis of cGMP expression in the 
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retina might provide an explanation for the mechanisms involved in the 
changes occurring during detachment. 

MATERIALS AND METHODS 

Retinal Detachments 
Dutch domestic female pigs (Dutch landrace; 28 - 33 Kg in weight; 3 months 
old) were used as experimental animals. Unilateral retinal detachments were 
created in the right eyes of 6 pigs. Animals were anesthetized, and a solution 
of 0.25% sodium hyaluronate was infused between the neural retina and 
RPE via a 20-gauge subretinal canula attached to a 5 ml syringe. The Healon 
is necessary to prevent spontaneous reattachment of the retina. All surgery 
was done via an entry site at the level of the pars plana. Approximately half 
the retina was detached in each eye. By indirect ophthalmoscopy we made 
sure that the retinas remained detached for the duration of the experiment. 
The left eyes were used as the control for all the experiments. Following 14 
days of detachment, the animals were euthanized using intravenous pento-
barbital (200 mg/ml) (Euthesate; Aesculaap, Boxtel, The Netherlands). All 
experimental procedures conformed to the ARVO statement for the Use of 
Animals in Ophthalmic and Vision Research and the guidelines of the Ani-
mal Resource Center of the University of California Santa Barbara (Santa 
Barbara, CA). 

Vitreous fluid collection 
Within a few minutes after enucleation, before taking out the retina from the 
pig eye, the vitreous fluid was extracted, centrifuged and stored at -80EC un-
til tested for cGMP. Vitreous fluid samples of 9 patients with a rhegmatoge-
nous retinal detachment (RRD) were collected to compare the cGMP content 
in vitreous fluid of pigs after a retinal detachment with the human situation. 
Patients with uveitis, trauma or vitreous haemorrhage were excluded. Undi-
luted vitrectomy samples were obtained by a conventional three-port closed 
vitrectomy technique by manual suction at the beginning of the vitrectomy, 
before opening the infusion line of Balanced Salt Solution (BSS, Alcon 
Laboratories, Texas, USA), as described earlier.18 The samples were centri-
fuged and stored at -80EC until the cGMP analysis. Samples contaminated 
with blood were excluded from the study. The study was performed with the 
agreement of the University Hospital ethics committee; all patients gave 
their informed consent prior to inclusion in the study and after the nature of 
the study had been explained. The study adhered to the tenets of the Declara-
tion of Helsinki. 
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Cyclic GMP assay 
Extracellular cGMP content was measured in duplicate using a commercially 
available ELISA kit (Assay designs, Ann Arbor, USA). We used 100 µl of 
undiluted vitreous fluid and performed the measurement according to the 
manufacturer’s instructions. The amount of cGMP was expressed as 
pmol/ml undiluted vitreous. The sensitivity of the cGMP assay was 0.088 
pmol/ml. 

Tissue Preparation 
After enucleation, an incision was made at the margin of the ora serrata to 
remove the lens, vitreous and ciliary body. The retina was then removed. 
Small pieces of retina were incubated for 40 minutes in aerated Krebs buffer 
(pH 7.4) with or without 1 mM IBMX (a non-specific PDE inhibitor) 
(Sigma, Amsterdam, The Netherlands). During the last ten minutes of the 
incubation the cells were stimulated with100 µM of the NO donor sodium 
nitroprusside (SNP) or 0.1 µM of the particulate guanylyl cyclase stimulator 
atrial natriuretic peptide (ANP). 

Immunohistochemistry 
After incubation the retinal tissue pieces were fixed with 4% freshly de-
polymerized paraformaldehyde in the cold (4EC). Retina wholemounts were 
washed 3 x 5 min, twice with Tris-buffered saline (TBS) and once with TBS 
containing 0.3% Triton X-100 (TBS-T). Samples were subsequently incu-
bated overnight at 4EC with the primary antibodies. Cyclic GMP was visual-
ized using sheep anti-formaldehyde-fixed cGMP antiserum diluted 1:4000 in 
TBS-T (de Vente et al. 2000).19 

The following day the samples were washed for 15 min with respectively 
TBS, TBS-T and TBS. The tissues were subsequently incubated with Alexa 
488 conjugated donkey anti-sheep IgG (Molecular Probes) diluted 1:100 in 
TBS-T, for 1.5 hours at room temperature. Negative controls were processed 
in exactly the same way with the omission of the primary antibody. After 
three further washings in TBS the nuclei of the cells were stained with 
Hoechst 33342, (Sigma) for 20 minutes at room temperature (diluted 
1:1000), washed again in TBS. Wholemounts were cover slipped with 
TBS:glycerol (1:2 v/v). 

Microscopy 
Retinal wholemounts were analyzed by fluorescence microscopy using two-
photon laser scanning microscopy (TPLSM). TPLSM was performed as pre-
viously described using a microscope objective (40x; water dipping; numeri-
cal aperture [NA] = 1.0) connected to an upright Nikon E600FN microscope 
(Nikon Corporation, Tokyo, Japan).20 If needed, further magnification was 
achieved by optical zoom in the scan head. To remove noise, each image 
was filtered applying the Kalman filtering procedure on three subsequent 
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images during experiments. The fluorescent secondary antibody Alexa 488 
was mainly visible in the green channel, whereas Hoechst was only visible in 
the red channel. The obtained images (coded green and red, respectively) 
were combined into single images if needed. 

Pictures in Figure 3 and 4 were taken with a MBF Bioscience Stereo Investi-
gator Confocal Spinning Disk (SI-SD) system (MBF Bioscience; Williston, 
VT), consisting of a modified Olympus BX51 fluorescence microscope 
(Olympus, Tokyo, Japan) with UPlanSApo objectives, customized spinning 
disk unit (DSU; Olympus), computer-controlled excitation and emission fil-
ter wheels (Olympus), three-axis high-accuracy computer-controlled step-
ping motor specimen stage (4x4 Grid Encoded Stage; Ludl Electronic Prod-
ucts, Hawthorne, NY), linear z-axis position encoder (Ludl), ultra-high sen-
sitivity monochrome electron multiplier CCD camera (1,000 × 1,000 pixels, 
C9100-02; Hamamatsu Photonics, Hamamatsu City, Japan) and controlling 
software (MBF Bioscience). Pictures were taken in a single focal plane with 
a 40x UPlanSApo objective (N.A = 0.9) and processed with Imaris software 
(Version 4.0; Bitplane, Zurich, Switzerland). Only minor adjustments of 
contrast and brightness were made, without altering the appearance of the 
original materials. No deconvolution was performed on the images. 

Statistical analysis 
Because the cGMP values were paired and non-parametric we used the Wil-
coxon signed ranks test to compare the cGMP content in pig vitreous fluid of 
eyes with and without retinal detachment. Vitreous cGMP levels between 
human and pig eyes after retinal detachment were compared using the Mann 
Whitney test for independent samples. Differences were considered signifi-
cant when the P value was less than 0.05 (two-tailed) 

RESULTS 

Vitreous fluid was obtained from the left and right eyes of 6 pigs, 2 weeks 
after creating an experimental retinal detachment to all right eyes. Cyclic 
GMP could be detected in all samples. In vitreous fluid from eyes with reti-
nal detachment, the mean level of cGMP was 1.45 pmol/ml (range between 
0.09 to 4.32 pmol/ml). In the control eyes without retinal detachment, the 
mean vitreous level of cGMP was 4.61 pmol/ml (range between 0.40 to 
14.10 pmol/ml). The difference in vitreous cGMP levels between experimen-
tal and detached eyes was statistically significant (Wilcoxon signed ranks 
test P = 0.028). A large variation in cGMP levels between pigs was ob-
served, however in every pig the cGMP level in the right eye with retinal de-
tachment was lower (between 1.6 and 5.8 times) than in the healthy left eye 
(figure 1). Cyclic GMP could be detected in 9 out of 9 vitreous fluid samples 
from human eyes with retinal detachment. The mean level of cGMP in these 
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eyes was 1.10 pmol/ml (ranged from 0.15 to 7.35 pmol/ml). Comparing hu-
man and pig eyes with retinal detachment showed no difference in vitreous 
cGMP level (P = 0.30). 

Figure 1. Vitreous cGMP level (pmol/ml) in the eye with detached retina and the 
contralateral eye. Each line represents one pig. 

 

Immunohistochemistry 
We studied cGMP production in retinal cells, following stimulation of solu-
ble guanylyl cyclase (by SNP) or particulate guanylyl cyclase (by ANP) and 
simultaneous inhibition of cGMP breakdown by PDE’s using IBMX. With-
out blocking phosphodiesterase activity no cGMP expression could be found 
in any of the retinal cells, in both the detached and healthy retinas. Blocking 
PDE activity in unstimulated retinas resulted in cGMP immunoreactivity in 
the inner nuclear layer of the detached as well as the healthy retinas. Addi-
tion of 0.1 µM ANP, as a stimulator of particulate guanylyl cyclase in the 
presence PDE inhibition resulted in the appearance of a strong cGMP signal 
in both the ganglion cells and the inner nuclear layer of the healthy retina. 
No cGMP signal was visible in the outer nuclear layer of the healthy retina 
(Figure 2a). In the detached retina, strong cGMP immunoreactivity was visi-
ble not only in the ganglion cells and the inner nuclear layer but also in the 
outer nuclear layer (Figure 2b,c). Figure 2b shows both the nuclei of the cells 
(Hoechst staining; red signal) and cGMP (green signal) staining of the outer 
nuclear layer of a detached retina. In Figure 2c we only show the green sig-
nal, showing strong cGMP immunoreactivity in the same retinal whole-
mount. In both, the detached and healthy retina also the inner plexiform and 
outer plexiform layer showed cGMP-immunolabeling after incubation with 
ANP and IBMX. Figure 3 shows the labeling of the outer plexiform layer of 
a detached retina with Hoechst (Figure 3a) and cGMP (Figure 3b) separately 
and together (Figure 3c) in the same retinal sample. Incubating the retinas in 
the presence of 100 µM SNP, as a stimulator of soluble guanylyl cyclase in 
combination with PDE inhibition (with IBMX) resulted in cGMP-immuno-
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reactivity in the ganglion cells, the inner nuclear cell layer (figure 4 c,d) and 
the nerve fiber layer of the detached- and healthy retinas (Figure 4a,b). 
Stimulation with SNP (+ IBMX) did not result in the presence of cGMP 
immunoreactivity in the photoreceptor cells of the detached or healthy retina. 

Figure 2. Photoreceptor layer of a healthy (A) or detached (B,C) retina after incu-
bation with ANP and IBMX. A,B: Immunolabeling for Hoechst33342 (red) and 
cGMP (green). C: Same picture as in B, only showing immunolabeling for cGMP 
(green). Scale bar = 25 µm. 

 
Figure 3. Outer plexiform layer of a detached retina after incubation with ANP and 
IBMX. A: Immunolabeling for Hoechst33342; B: Immunolabeling for cGMP;  
C: Immunolabeling for Hoechst33342 (red) and cGMP (green). Scale bar = 20 µm. 
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Figure 4. A NFL, and C INL of a healthy retina after incubation with SNP and 
IBMX. B NFL, and D INL of a detached retina after incubation with SNP and IBMX 
A,B: Immunolabeling for cGMP; C,D: Immunolabeling for Hoechst33342 (red) and 
cGMP (green). Scale bar = 50 µm. 

 

DISCUSSION 

In the current study we demonstrate the presence of cGMP in pig vitreous 
fluid and showed a significantly lower vitreous cGMP level in pig eyes after 
retinal detachment, compared to the level of cGMP in contralateral healthy 
eyes. Our animal study confirms earlier findings in humans in which we 
showed a significantly lower vitreous cGMP concentration in patients with a 
RRD compared to controls.17 Our findings are also in accordance with earlier 
findings in a rabbit model that showed that vitreous cGMP levels were al-
most 60% lower in eyes with retinal detachment than in control eyes.21 

In the current study we found a comparable range of vitreous cGMP concen-
trations in both human and pig eyes with a retinal detachment. The cGMP 
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concentration in vitreous of human eyes with a retinal detachment was 
somewhat lower than the values reported in an earlier study (6.5 pmol/ml); 
however this latter value is within the range of our present data.17 

Cyclic GMP production is catalyzed by either soluble guanylyl cyclase, acti-
vated by NO or particulate guanylyl cyclases stimulated by natriuretic pep-
tides. After retinal detachment, the activity of both soluble guanylyl cyclase 
and particulate guanylyl cyclase could be reduced, since certain populations 
of retinal cells may have undergone degenerative changes induced by hy-
poxic or ischemic alterations following the detachment.3,4 A decreased pro-
duction of cGMP by retinal cells may concurrently lead to a lower release 
into the extracellular space, in this case vitreous fluid. 

The cellular concentration of cGMP represents the net balance between syn-
thesis by guanylyl cyclases and breakdown into 5’-cGMP by cyclic nucleo-
tide phosphodiesterases (PDEs).22 The decreased cGMP concentration in the 
vitreous after retinal detachment could also be the result of increased PDE 
activity. However this is less plausible because no PDE activity could be de-
tected in vitreous fluid, as reported earlier.17 After RRD, vitreous passes 
through a retinal break into the subretinal space and then comes into direct 
contact with the RPE layer. Cyclic GMP in the vitreous might also be broken 
down by PDE’s located in the RPE cells. This may be plausible since earlier 
studies have shown the presence of at least PDE2, PDE5 and PDE9 in the 
RPE cells.23 

Stimulation of soluble guanylyl cyclase by the NO donor SNP resulted in 
cGMP expression in the inner pig retina, especially in the ganglion cells and 
bipolar cell layer. The effect of SNP on cGMP immunoreactivity in the ret-
ina was the same as previously shown in other animal studies.11,12 Also the 
finding that in the inner retina, both particulate and soluble guanylyl cyclases 
can elevate levels of cGMP is in accordance with results shown earlier in the 
turtle retina.11 After stimulation of the particulate guanylyl cyclase with 
ANP, cGMP could be detected in the outer nuclear layer of the detached ret-
ina, where this was not the case in the normal retina. The reason for this dif-
ference remains speculative. An explanation might be that cGMP accumu-
lates intracellularly after detachment of the retina. Cyclic GMP accumulation 
may be caused by a hampered transport from the cells into the extracellular 
space as a result of hypoxic or ischemic alterations following retinal detach-
ment. Although release of cGMP has not been shown in cultures of photore-
ceptor cells, earlier experiments have shown that release can occur in RPE 
cell cultures.24 

There are several shortcomings of this study. We tried to cut and stain pieces 
of the left and right retina with the same location in the retina, however this 
is difficult. This could be of importance because Newsome et al. showed a 
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variation in cGMP levels in the human retina with the lowest concentration 
observed in the central (macular) region of the retina.25 There is a high varia-
tion in vitreous cGMP concentration between the individual pigs. This may 
be caused by variation in the position in the vitreous cavity at which the 
sample was obtained. However, in every eye we took the sample from the 
centre of the vitreous and aspirated almost all vitreous fluid. 

Most studies concerning retinal cGMP have focused on its role in photo-
transduction.26 Little is known about the changes in cGMP expression in the 
retina and the vitreous after retinal detachment. It has been shown that 
cGMP stimulates subretinal fluid absorption whereas cAMP inhibits this 
process5. The source of vitreous cGMP is unknown as is the specific role of 
extracellular vitreous cGMP for the retina. 

However, the presence of cGMP in vitreous and its decrease after retinal de-
tachment as found in the current experimental study, and in our previous 
study in human eyes with RRD may indicate a potential regulatory role in 
the physiologic responses of the retina after detachment. 
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MAJOR FINDINGS PRESENTED IN THIS THESIS: 

1. In macula-off as well as macula-on rhegmatogenous retinal detachment, 
the duration of retinal detachment before surgery is an important pre-
operative determinant for the post-operative result. 

2. Rhegmatogenous retinal detachment is associated with increased levels of 
vitreous glutamate. 

3. Eyes with retinal detachment have increased levels of nitric oxide path-
way metabolites in their vitreous fluid, which may reflect a role of nitric 
oxide in the pathogenesis of this disease. 

4. Cultured human retinal pigment epithelium (RPE) cells are capable of 
producing cGMP and most cGMP is generated following stimulation of 
the particulate guanylyl cyclase pathway. 

5. The presence of inducible nitric oxide synthetase (iNOS) and the ongoing 
cGMP synthesis by soluble guanylyl cyclase in RPE cells is causally 
linked and might be part of a regulatory cGMP dependent mechanism in-
tegrating the effects of atrial natriuretic peptide and nitric oxide. 

6. Phosphodiesterase type 2, 5 and 9 are present in cultured human RPE 
cells and rat RPE cell layers indicating that these different phosphodi-
esterase isoforms play a role in controlling cGMP levels in RPE cells. 

7. Extracellular cGMP can be detected in pig vitreous fluid and the concen-
tration of vitreous cGMP decreases significantly after experimental reti-
nal detachment. 

A retinal detachment, occurring when the retina’s photoreceptor layer and 
the retinal pigment epithelium separate, often causes blindness if left un-
treated. But even when reattachment surgery is successful, a reattached ret-
ina rarely regains normal sensitivity or acuity.1,2 In this thesis we were inter-
ested in finding clinical and biochemical factors involved in visual and ana-
tomical outcome after rhegmatogenous retinal detachment. 

CLINICAL FACTORS INVOLVED IN RHEGMATOGENOUS 
RETINAL DETACHMENT 

Discussion & Future directions 
According to our findings, visual acuity outcomes after rhegmatogenous 
retinal detachment (RRD) with involvement of the macula can be expected 
to worsen when the duration of macular detachment exceeds 6 days. Based 
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on these data, we propose that the scleral buckling procedure should prefera-
bly be done within 7 days after detachment of the macula. In RRD without 
macular involvement, a longer reported duration of visual field loss before 
surgery was found to be a statistically significant risk factor associated with 
a recurrent retinal detachment. According to both these findings described in 
Chapter 2 and 3, the duration of retinal detachment before surgery is there-
fore an important pre-operative determinant for the post-operative result. 

We noticed that in a large group of patients with retinal detachment the time 
between the onset of visual field loss as indicated by the patients and the 
scleral buckling surgery was quite long. For patients with macula-off retinal 
detachment, the mean duration of macular detachment before surgery was 
11.4 days (range 1 day - 6 months). For patients with macula-on retinal de-
tachment the mean duration of visual field loss before surgery was 16.5 days 
(range 1 day - 12 months). In the current studies we did not score the reason 
for the delay between the first symptoms noted by the patient and the time of 
surgery. In the study of Hartz et al. the most important reason for performing 
immediate emergency surgery was the inability to schedule an operating 
room the next day. But also patient characteristics influenced how surgery 
was scheduled.3 Future studies might address the reason for delay between 
the occurrence of retinal detachment and the scleral buckling procedure. 
Knowing the reasons for delay may provide valuable information that can be 
used to inform patients as well as medical doctors (general practitioners and 
ophthalmologists) in order to keep the time between onset of visual field loss 
and surgery to a minimum. 

BIOCHEMICAL FACTORS INVOLVED IN RETINAL 
DETACHMENT 

D407 Cell Line 
RPE cells play an important role in the pathogenesis of RRD. To study the 
behavior and function of PRE cells in more detail, in vitro experiments using 
RPE cell lines may be performed. The spontaneously transformed human 
RPE cell line D407 is such a cell line.4 They have been cloned from a pri-
mary culture of human RPE cells and have been sub-cultured more than 300 
times. The cells possess epithelial cobblestone morphology. The cytoskele-
ton of these cells comprises cytokeratins that are characteristic of epithelial 
cells, together with actin, spectrin and vimentin. The keratins expressed are 
typical of those of RPE cells. These cells also exhibit phagocytic activity. It 
has been shown earlier that the D407 cell line retains many of the metabolic 
and morphologic characteristics of RPE cells in vivo, although there are 
some minor differences.3 
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Discussion & Future directions 
In our study described in Chapter 4, we report a significantly elevated con-
centration of glutamate in the vitreous of eyes with RRD compared to con-
trols. This may be due to irreversible damage to the Mϋller cells, which play 
a prominent role in the uptake of extracellular glutamate. Mϋller cells may 
be damaged because of hypoxia and/or ischemia occurring after retinal de-
tachment, as shown earlier by Lewis et al.5 

Glutamate toxicity is considered to be caused by an excessive activation of 
the N-methyl-d-aspartate (NMDA)-type glutamate receptor. Binding of glu-
tamate to the NMDA receptor increases the influx of Ca2 through the recep-
tor’s associated ion channel.6 Ca2+ can stimulate the enzyme nitric oxide syn-
thetase (NOS) to produce nitric oxide (NO). Overproduction of NO can lead 
to cell death through a variety of mechanisms, e.g. trough DNA damage, 
apoptosis and decreased energy production by inhibition of mitochondrial 
function.7 Thus the demonstrated elevated vitreous levels of glutamate may 
be a sign of further damage to the retina, and also as a factor which com-
promises visual recovery. In addition, we found increased levels of NO 
pathway metabolites in the vitreous fluid of eyes with retinal detachment, as 
described in Chapter 5. It has been shown previously that inducible NOS 
(iNOS) is expressed in Müller cells and RPE cells after cytokine stimula-
tion.8,9 Since increased levels of cytokines have been found in eyes with 
RRD it may be postulated that iNOS is upregulated by these cytokines, lead-
ing to elevated levels of NO in the vicinity of the detached retina.10,11 In pho-
toreceptors and bipolar cells neuronal NOS (nNOS) is thought to be respon-
sible for producing NO.12 Glutamate can stimulate neuronal NOS resulting 
in increased NO production. Thus the in NO pathway metabolites in eyes 
with retinal detachment is in agreement with our observation of elevated lev-
els of glutamate in vitreous fluid of RRD patients. 

Further research may be aimed at therapeutic agents that block NMDA re-
ceptors to prevent the toxic effects of the increased glutamate levels that 
might lead to cell death after retinal detachment. Experimental studies have 
previously shown that a variety of agents can be used to prevent the death of 
retinal neurons (particularly ganglion cells) induced by ischemia.13 Systemic 
treatment with memantine, an NMDA receptor antagonist, was proven to be 
both safe and effective for reduction of functional loss associated with ex-
perimental glaucoma.14 

Most studies concerning retinal cGMP have focused on its role in photo-
transduction. Little is known about the changes in cGMP expression in the 
retina and the vitreous after retinal detachment. It has been shown that 
cGMP stimulates subretinal fluid absorption whereas cAMP inhibits this 
process.15,16 In Chapter 8, we demonstrate the presence of cGMP in pig vit-
reous fluid and showed a significantly lower vitreous cGMP level in pig eyes 
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after retinal detachment, compared to the level of cGMP in healthy pig eyes. 
Our study confirms earlier findings in humans in which we showed a signifi-
cantly lower vitreous cGMP concentration in patients with a rhegmatoge-
nous retinal detachment compared to controls.17 Our findings are also in ac-
cordance with earlier findings in a rabbit model that showed that vitreous 
cGMP levels were almost 60% lower in eyes with retinal detachment than in 
rabbit eyes without retinal detachment.18 The source of vitreous cGMP is 
unknown as is the specific regulatory role of extracellular vitreous cGMP for 
the retina. However, the presence of cGMP in vitreous and its decrease after 
retinal detachment may indicate a potential regulatory role in the physiologic 
responses of the retina after detachment. 

Hypoxia due to retinal detachment may cause a reduced activity of guanylyl 
cyclases which produce cGMP. This could lead to a reduced synthesis of 
cGMP by retinal cells after retinal detachment. We now know that human 
RPE cells are capable of producing cGMP and most cGMP is generated fol-
lowing stimulation of the particulate guanylyl cyclase pathway (Chapter 6). 
Previously, it has been demonstrated that NPR-A and NPR-B, both ANP re-
ceptors, are present in cultured rabbit RPE cells and in the human and turtle 
retina.19-22 Future research may address the effect of targeted stimulation of 
RPE cells with ANP after retinal detachment, in order to investigate whether 
the decrease in cGMP concentration may be prevented. 

The major function for PDEs in the cell is to terminate the amplitude and du-
ration of the cyclic nucleotide second messenger signal (Figure 1).23 By 
knowing the specific PDE families located in retinal cells (Chapter 7) these 
enzymes could in the future become therapeutic targets in order to limit 
cGMP breakdown by using selective PDE inhibitors. From the literature we 
already know that inhibition of PDE5 using Sildenafil would not be favor-
able. This is due to the fact that Sildenafil, a relatively selective inhibitor for 
PDE5 also weakly inhibits PDE6, an enzyme involved in the process of pho-
totransduction. Even though the efficacy of PDE6 inhibition is approxi-
mately a factor 10 lower than that for PDE5,24 a single oral dose of 100 mg 
sildenafil is sufficient to cause impaired photoreceptor function.25,26 Clini-
cally PDE inhibition could be important in retinal detachment as cGMP is 
not only involved in phototransduction, but also known for its stimulating 
role in the reabsorption of subretinal fluid by activating the RPE pump.15,16 

We hope that the experiments, described in this thesis are a first step to an 
experimental animal model of RRD that could lead to further understanding 
of the biochemical changes occurring in RRD. This approach can hopefully 
lead to new diagnostic and therapeutic interventions to prevent poor vision 
related to RRD. 
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Figure 1. ANP (atrial natriuretic peptide), pGC (particulate guanylyl cyclase), sGC 
(soluble guanylyl cyclase), iNOS (inducible nitric oxide synthase), nNOS (neuronal 
nitric oxide synthase), NO (nitric oxide), PDE (phosphodiesterases) 
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SUMMARY 

In this thesis we set out to investigate a number of clinical and biochemical 
factors that have been implicated in the visual and anatomical outcome after 
rhegmatogenous retinal detachment (RRD).The questions and hypotheses we 
addressed in this thesis are outlined in chapter 1. 

In chapter 2, we determined the effect of duration of macular detachment 
(DMD) on post operative visual acuity (VA) in patients with macula-off 
RRD. In a retrospective, observational case series we studied 202 consecu-
tive patients (202 eyes) with primary, uncomplicated, macula-off retinal de-
tachment, a pre-operative VA ≤ 10/100, a precise history of when macular 
function was lost, successful re-attachment surgery and a minimal follow up 
of 3 months. The cumulative mean of the best corrected postoperative VA 
(LogMAR) as a function of DMD shows a rapid worsening when DMD ex-
ceeds 6 days. Our results indicate that the scleral buckling procedure should 
preferably be done within 7 days of DMD. 

In chapter 3, we evaluated risk factors associated with re-detachment and/or 
a worse visual outcome in patients with RRD without macular involvement 
following scleral buckling surgery. In a retrospective, observational case se-
ries we studied 253 consecutive eyes (248 patients) with primary, macula-on 
retinal detachment, a precise history of when visual field loss had occurred 
and a minimal follow up of 6 months. In RRD without macular involvement, 
a re-detachment and the presence of PVR are indicators for a low visual out-
come after retinal detachment surgery. A longer duration of visual field loss 
before the scleral buckling procedure increases the chance of a retinal re-
detachment after surgery. 

In chapter 4, a possible role for glutamate and other amino acid neurotrans-
mitters during clinical RRD was studied. The study group consisted of 114 
vitreous samples of patients with a RRD. The control group included vitre-
ous samples of 52 eyes with an idiopathic macular hole or idiopathic epireti-
nal membrane and 10 eyes with a traction retinal detachment due to prolif-
erative diabetic retinopathy. Vitreous concentrations of 5 amino acid neuro-
transmitters were determined by high-pressure liquid chromatography. RRD 
was associated with a significantly increased vitreous glutamate concentra-
tion. Taurine levels were also increased in RRD, whereas no significant dif-
ference could be observed for glycine, aspartate and GABA levels when 
comparing RRD with controls. A correlation was found between increased 
vitreous glutamate and a lower pre-operative visual acuity. Using visual acu-
ity as a functional parameter in this study, we could not demonstrate a corre-
lation between vitreous glutamate, or any of the other tested amino acid neu-
rotransmitters and visual outcome. 
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In chapter 5, we hypothesized that in RRD, the production of NO pathway 
metabolites might be upregulated. Using high-pressure liquid chromatogra-
phy citrulline, arginine and nitrite were measured in vitreous fluid of 93 eyes 
with RRD, 9 eyes with a traction retinal detachment due to proliferative dia-
betic retinopathy, and in 49 control samples of vitreous fluid from eyes 
without retinal detachment. The mean vitreous concentrations of citrulline 
and arginine were significantly increased in eyes with RRD or in eyes with a 
traction retinal detachment as compared to control eyes. The mean concen-
tration of nitrite was elevated in vitreous fluid of RRD patients as compared 
to controls although this was not statistically significant. 

In chapter 6, we quantified cGMP synthesis by RPE cells and investigated 
the role of soluble and particulate guanylyl cyclase in its production. Cyclic 
GMP expression was evaluated in the presence of a non-selective phos-
phodiesterase inhibitor. Stimulation of the particulate guanylyl cyclase in 
RPE cells with ANP resulted in high intra and extracellular cGMP levels. 
Stimulation of the soluble guanylyl cyclase by SNP resulted in a slight ele-
vation of cGMP levels compared to controls. These experiments show that 
cultured human RPE cells are capable of producing cGMP and that most 
cGMP is generated following stimulation of the particulate guanylyl cyclase 
pathway. 

In chapter 7, we studied cGMP synthesis after inhibition of NOS, inhibition 
of soluble guanylyl cyclase or inhibition of particulate guanylyl cyclase. Fur-
thermore, we showed NADPH-diaphorase activity and the presence of β-1 
and α-2 subunits of soluble guanylyl cyclase, inducible NOS, and ANP in 
cultured human RPE cells. The results show an important role for ANP in 
the cGMP synthesis in RPE cells and indicate that there are interacting sig-
naling pathways using cGMP as a second messenger in cultured human RPE 
cells. The presence of inducible NOS and the ongoing cGMP synthesis by 
soluble guanylyl cyclase in RPE cells is causally linked and might be part of 
a regulatory cGMP dependent mechanism integrating the effects of ANP and 
NO. 

In chapter 8, we investigated which PDE’s are involved in regulating cGMP 
breakdown in RPE cells. In the absence of PDE inhibitors cGMP levels in 
cultured RPE cells are very low. In the presence of Bay60-7550 as a selec-
tive PDE2 inhibitor, sildenafil as a selective PDE5 inhibitor or Sch51866 as 
a selective PDE9 inhibitor the cGMP content strongly increased after stimu-
lation of the particulate guanylyl cyclase. Furthermore messenger RNA of 
PDE2, PDE5 and PDE9 was detected in all cultured human RPE cells and in 
rat RPE cell layers in vivo. 

In chapter 9, we studied cGMP expression in pig retinas and pig vitreous 
fluid after creating an experimental retinal detachment. We could detect 



Summary / Samenvatting 

–  149  – 

cGMP in these vitreous samples and showed a significantly lower vitreous 
cGMP level in pig eyes after retinal detachment compared to the level of 
cGMP in healthy pig eyes. Comparing the existence of cGMP immunoreac-
tivity between the retinas with and without experimental retinal detachment 
only shows a difference after stimulation of the particulate guanylyl cyclase 
with ANP. Under this condition, cGMP could be detected in the outer nu-
clear layer of the detached retina, where this was not the case in the normal 
retina. 

In chapter 10 we discuss the findings presented in the thesis and point out 
directions for further research in this area. 
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SAMENVATTING 

In Hoofdstuk 2 heb ik het effect beschreven van de duur dat de macula los 
ligt op de post-operatieve visus bij patiënten met een netvliesloslating waar-
bij de macula betrokken was. In een retrospectieve studie hebben we 202 pa-
tiënten bestudeerd met een primaire, ongecompliceerde netvliesloslating met 
macula-af, een pre-operatieve visus ≤ 10/100, een gedetailleerde anamnese 
over wanneer de visus grotendeels weg viel, een succesvolle netvlies opera-
tie en een minimale follow-up van 3 maanden. Het cumulatieve gemiddelde 
van de best gecorrigeerde post-operatieve visus als functie van de duur dat 
de macula los ligt, laat een verslechtering zien wanneer de duur 6 dagen 
overschrijdt. Onze resultaten indiceren dat de cerclage plombe operatie het 
beste gedaan kan worden binnen 7 dagen na het ontstaan van de macula los-
lating. 

In Hoofdstuk 3 hebben we de risicofactoren geëvalueerd die geassocieerd 
zijn met een recidief loslating en/of een slechte visus na een cerclage plombe 
operatie bij patiënten met een netvliesloslating zonder betrokkenheid van de 
macula. In een retrospectieve studie hebben we 253 ogen (248 patiënten) be-
studeerd met een primaire, ongecompliceerde netvliesloslating met macula-
aan, een pre-operatieve visus ≥ 80/100, een gedetailleerde anamnese en een 
minimale follow-up van 6 maanden. Bij een netvliesloslating zonder betrok-
kenheid van de macula blijken een recidief en de pre-operatieve aanwezig-
heid van PVR indicatoren voor een slechte visuele prognose na de operatie. 
Het langer bestaan van het gezichtsveldverlies voor de operatie verhoogt de 
kans op een recidief loslating van de retina post-operatief. 

In Hoofdstuk 4 hebben we de concentraties van glutamaat en andere amino-
zuur-neurotransmitters bestudeerd in glasvocht van ogen met een netvlies-
loslating. De studie groep bestond uit 114 glasvochtmonsters van patiënten 
met een netvliesloslating. De controle groep bestond uit 52 glasvochtmon-
sters van ogen met een macula gat of macula-pucker en 10 ogen met een 
tractie ablatio ten gevolge van proliferatieve diabetische retinopathie. De 
concentraties van 5 aminozuren in het glasvocht werden bepaald met behulp 
van high-pressure liquid chromatography (HPLC). Een netvliesloslating 
bleek geassocieerd met een significant hogere concentratie glutamaat in het 
glasvocht. Ook de concentratie van taurine was verhoogd. Bij glycine, aspar-
taat en GABA werden geen verhoogde concentraties gevonden. Ook vonden 
we een correlatie tussen een verhoogde concentratie glutamaat in het glas-
vocht en een lagere pre-operatieve visus. We konden echter geen correlatie 
aantonen tussen de concentratie glutamaat in het glasvocht en de visus na de 
cerclage plombe operatie. 

Hoofdstuk 5 beschrijft de studie die ik heb uitgevoerd naar de productie van 
NO pathway metabolieten in glasvocht van patiënten met een netvlieslosla-
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ting. Met behulp van HPLC werden de concentraties van citrulline, arginine 
and nitriet gemeten in glasvocht van 93 ogen met een netvliesloslating, 10 
ogen met een tractie ablatio ten gevolge van proliferatieve diabetische reti-
nopathie en in 49 controle monsters van ogen zonder netvliesloslating. De 
gemiddelde concentratie van citrulline en arginine was significant hoger in 
ogen met een netvliesloslating of een tractie ablatio dan de concentratie in de 
controle monsters. De gemiddelde concentratie nitriet was verhoogd in glas-
vocht van patiënten met een netvliesloslating maar deze verhoging was niet 
significant. 

In Hoofdstuk 6 hebben we de cGMP productie door RPE cellen bepaald, 
evenals de rol van de oplosbare en membraan gebonden cyclases hierin. De 
cGMP productie werd bepaald in de aanwezigheid van een niet specifieke 
PDE remmer. Stimulatie van het membraan gebonden cyclase (pGC) met 
ANP resulteerde in hoge intra- en extracellulaire cGMP waarden. Stimulatie 
van het oplosbare cyclase (sGC) met SNP resulteerde in licht verhoogde 
cGMP waarden ten opzichte van de controle situatie zonder SNP. Deze ex-
perimenten laten zien dat humane RPE cellen in staat zijn cGMP te produce-
ren en dat dit vooral gebeurt na stimulatie van pGC. 

In Hoofdstuk 7 hebben we de cGMP productie bestudeerd in RPE cellen na 
remming van NOS, sGC of pGC. Verder hebben we NADPH-diaphorase ac-
tiviteit en de aanwezigheid van de β-1 en α-2 subunits van sGC, iNOS en 
ANP aangetoond. De resultaten onderstrepen de rol van ANP in de cGMP 
productie en laten zien dat er twee autocriene wegen zijn die de cGMP syn-
these aansturen in gekweekte humane RPE cellen. De aanwezigheid van iN-
OS en de continue cGMP productie door sGC in RPE cellen is met elkaar 
verbonden en zou een onderdeel kunnen zijn van het cGMP regel mecha-
nisme dat de effecten van ANP en NO combineert. 

In Hoofdstuk 8 hebben we onderzocht welke PDE’s betrokken zijn bij de af-
braak van cGMP in RPE cellen. In de afwezigheid van PDE remmers is het 
cGMP niveau in gekweekte RPE cellen laag. In de aanwezigheid van Bay60-
7550 als een selectieve PDE2 remmer, sildenafil als een selectieve PDE5 
remmer of Sch51866 als een selectieve PDE9 remmer is de hoeveelheid 
cGMP sterk verhoogd, vooral na simultane stimulatie van pGC. Verder heb-
ben we mRNA van PDE2, PDE5 en PDE9 aangetoond in gekweekte humane 
RPE cellen en RPE cellagen in vivo van de rat. 

In Hoofdstuk 9 beschrijf ik onze studie naar de cGMP expressie in varkens 
retina’s en glasvochtmonsters na het creëren van een experimentele netvlies-
loslating. We hebben cGMP aangetoond in de glasvocht monsters en vonden 
significant lagere waarden in glasvocht van varkensogen na een netvlieslos-
lating in vergelijking met gezonde varkensogen. Wanneer we de aanwezig-
heid van cGMP in de retina vergelijken tussen ogen met en zonder netvlies-
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loslating zien we alleen verschil na stimulatie van pGC met ANP. In deze 
conditie kon cGMP aangekleurd worden in de buitenste kern laag van de 
losse retina en niet in dezelfde laag van de normale gezonde retina. 

In Hoofdstuk 10 vat ik de belangrijkste bevindingen van mijn promotie on-
derzoek samen en bediscussieer ik deze. Verder bespreek ik mogelijke rich-
tingen voor toekomstig onderzoek. 
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